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Abstract 
Ticehurst, J.L. (2004 ). Hydrological Analysis for the Integration of Farm Forestry 
into Australia's Agricultural Systems. PhD Thesis, Centre for Resource and 
Environmental Management, Australian National University. 
Tree plantations have the potential to reduce waterlogging and salinity in 
Australia's agricultural landscapes by transpiring greater quantities of water 
than annual pastures and crops. Tree belts, planted on hillslopes at the break-
of-slope, have been designed to intercept water flowing laterally on top of and 
beneath the soil surface. The tree belt location and design are influenced by the 
quantity and sources of available water. The volume of lateral flow and the flow 
pathways, depend on the rainfall, topographic and soil characteristics of the 
hjllslope. This project aims to assist in identifying the relative amounts of water 
in lateral flow pathways on hillslopes for the purpose of locating and designing 
tree belt plantations. 
The research, in part, comprises a monitoring and analysis of the hillslope 
hydrology at a field site in southern New South Wales. This includes on-site 
measurement of the climate, soil water content, bedrock and perched 
watertables, and surface and subsurface lateral flow. These data are analysed 
in conjunction with field description of the soil stratigraphy, hydraulic and 
chemical properties and the topography. The field work is complimented with a 
sensitivity analysis using the physically-based 'HILLS' model to extrapolate from 
the experimental field site to the wider region. The key findings are integrated to 
initiate the development of guidelines for locating and designing tree belt 
plantations in south-east Australia. 
Analysis of the field data shows that lateral flow occurs as surface runoff, 
shallow subsurface flow through the A2 and 2A2 horizons and over the top of 
· the bedrock. Preferential flow paths are evident. Shallow subsurface flow at this 
site is due to perched watertables, not the result of a watertable developing on 
top of the bedrock. When the antecedent water content is greater than 80% to 
100% of the available water capacity (AWC), subsurface lateral flow through the 
A2 horizon becomes more significant. Saturation and lateral flow occurs in 
locations with distinguishable soil (e.g., colour and redox alteration) and 
V 
topographic attributes which are useful indicators to help in locating tree belt 
plantation sites. 
Lateral flow (surface runoff plus subsurface lateral flow through the A2 horizon) 
totalled less than 1 % of rainfall for the observation period (September 2001 until 
October 2003), and on an event basis it never exceeded 5% of rainfall. 
Subsurface lateral flow alone never exceeds 1 % of rainfall on an event basis. 
However, the majority of the measurements were during a drought period. 
Vertical drainage below rooting depth during the same period is 9.5% of rainfall. 
Computer simulation indicates that only under 'extreme' conditions is 
subsurface lateral flow likely to account for more than 5% of annual rainfall. 
The established tree belt at the field site extracts water to a depth of 5m. This 
attains to a maximum soil water deficit below field capacity of 364mm during the 
observation period. The trees preferentially use water from the top 2m to 3m of 
soil and only utilise deeper stores when drought conditions persist. Therefore a 
tree belt is likely to be most effective at intercepting shallow lateral flow and 
preventing deep drainage. A deeper aquifer is only likely to be utilised by the 
trees if it exists within the tree rooting zone (5m depth at this site) throughout 
summer or extended drought periods. 
A simple methodology to guide the location and design of tree belt plantations is 
proposed incorporating ( 1) a simple monthly water balance calculation to 
estimate the volume of excess water not being used by the upslope vegetation, 
(2) a simple decision key using landscape and soil properties to identify sources 
of water and likely accessibility by a tree belt, and (3) a simple steady-state . 
hydrological model to estimate the inter-belt spacing and tree belt width that · 
could be supported at a given site. 
Tree belt plantations are an attractive opportunity for harvesting water and, 
because of the potential for high rates of transpiration, could have a 
disproportionately high water balance impact from the area planted. Incorrect 
siting could lead to less than expected hydrological impact and, at worst, tree 
mortality. Water uptake and potential mortality appear to be sensitive to the tree 
species. The guidelines produced here are an initial step that should minimise 
risks. 
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Hydrology and Australia 's Agricultural Systems 
Chapter 1 Hydrology and Australia's Agricultural 
Systems 
1.1 Hydrological Imbalance in Australia's Agricultural Systems 
Australia has a unique environment compared with the rest of the world. In the 
main, the climate is dry and variable and the soils old and infertile, but the 
natural vegetation has evolved to survive in such harsh conditions. Prior to 
European settlement, the natural vegetation over much of Australia was 
Eucalypt forest and woodlands, with woody shrubs and hardy perennial native 
grasses for an understorey. Since European settlement, vast areas of the 
natural vegetation have been cleared for agricultural production. The natural 
perennial, deep rooting, forest community systems, were replaced with shallow 
rooting annual crop and pasture species. The change in vegetation means that 
less water is lost through evapotranspiration (Dun in et al., 1999; Hatton and 
Nulsen, 1999). In Western Australia the native woody vegetation transpired over 
100mm more than an equivalent area of annual pasture (Dunin, 2002). This 
equates to the difference between using more or less than the annual rainfall. 
The key difference in transpiration is that natural vegetation maintains 
transpiration from deep within the profile through the summer and autumn, while 
the annual pastures stop transpiring in summer when their shallow roots are no 
longer able to access water. 
The widespread clearing of native vegetation has changed the hydrological 
balance of many landscapes in Australia. Less transpiration from the new 
agricultural vegetation has caused more water to move beyond the root zone, 
raising the ground watertable. Over time the watertable can rise to be at or near 
the surface causing waterlogging. While moving through the soil profile the 
water dissolves the salt (mainly sodium chloride) found naturally in the old 
Australian soils, and when the salty watertable is near the surface, evaporation 
removes the water, leaving a concentration of salt crystals. In certain conditions, 
groundwater can move laterally through the landscape from the upper slopes to 
the valleys. Consequently recharge to the groundwater system may occur on 
the upper slopes of a catchment, some distance from the saline seep in the 
discharge zone. This process of sal_t concentration on the surface is known as 
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dryland salinity. A high salt concentration within the root zone is toxic to many 
agricultural species, and it also decreases the plant's ability to absorb water due 
to the change in osmotic pressure (Cumming and Elliot, 1991 ). Hence salinity 
has bec'ome a widespread concern for the sustainability of agriculture in 
southern Australia. 
In 2001, 5.7 million hectares of Australia were affected by or at risk from dryland 
salinity (National Land and Water Audit, 2001 ), at an estimated cost of $230 
million per year (Stirzaker et al., 2002b ). This area is predicted to rise to 17 
million hectares by 2050. More than 7 million hectares of the 'at risk' area are in 
the Murray-Darling Basin, a highly productive agricultural region of Australia. 
1.2 Reintroducing Perennial Vegetation into .Agricultural 
Landscapes 
It has long been recognised that perennial vegetation needs to be reintroduced 
into our agricultural landscapes to stabilise the hydrological system (Prinsley, 
1991 ). It has been shown that farm forestry, as a component of our current 
agricultural systems, can also assist in removing carbon from the atmosphere, 
and stabilizing or increasing biodiversity, particularly if strategically planted near 
remnant vegetation (Australian Greenhouse Office, 2001 ). In a small catchment 
near Collie in Western Australia, reforesting 70% of the cleared land lowered 
the ground watertable by 5.5 m, and lowered the salt content of the 
groundwater by 11 % in 9 years (Bari and Schofield, 1992). However, 
revegetating the landscape to this extent is not economically feasible for many 
farmers, especially in the short term. The challenge remains as to how to 
effectively integrate perennial vegetation into our agricultural landscapes in an 
economically viable way. 
One option is to grow perennial vegetation in rotation with the annual species. 
Research has shown a deep rooting perennial pasture such as Lucerne or 
phalaris in the crop rotation can help dewater the soil and reduce recharge of _ 
water below the root zone (Angus et al., 2001; Heng et al., 2001; Ward et al., 
2001; 2002). This creates a buffer of drier soil above the watertable and 
reduces the likelihood of recharge from subsequent crops. 
Another option, which can be used in conjunction with perennial pasture 
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species, is to integrate trees into the agricultural landscape. This provides a 
longer-term reduction in groundwater recharge. It is important to minimise the 
'productive' agricultural land taken out ~f operation for tree planting so as to 
maintain the economic viability of the farm. Consequently, tree planting needs 
to be targeted to areas where it will achieve maximum hydrological benefit from 
a minimal area of land. 
There are several tree plantation design options, including block plantations or 
woodlots, strip plantations as part of an alley crop, and tree belts (Stirzaker et 
al., 2002b ). The appropriateness of the different designs varies depending on 
the field site. For example on land with a gradient less than 5 degrees, trees 
need to be more scattered to be effective at lowering the watertable over a 
wider area (Stirzaker et al., 1999). 
Block plantations have been successful at lowering the watertable (Greenwood 
et al., 1992, Lefroy and Stirzaker, 1999). However, they tend to take a large 
area of land from traditional agricultural production, which may cause a larger 
loss in farm income than other plantation designs. A field study near Perth 
investigated planting tagasaste, a native perennial shrub, into cropping systems 
to reduce recharge to a desirable level (Lefroy and Stirzaker, 1999). These 
authors found that 70% of the catchment had to be planted, if in a block design. 
However the same result could be achieved with alley cropping and only 33% of 
the catchment would need to be planted. They suggested that the difference in 
result was probably because the scattered trees were not competing to use the 
same water. 
If the top of the watertable is within the rooting zone and the hillslope gradient 
greater than 5 degrees, then tree belts are potentially more desirable than 
scattered trees because they effectively occupy less area. When planted in the 
appropriate location, they can intercept lateral water movement and control 
groundwater recharge. In a field study at 'Ucarro' in southwest Australia, belt 
plantings were successful at intercepting some of the lateral groundwater, but 
some water was still moving past the trees (Silberstein et al., 2002a). 
For the steeper slopes in south-east Australia, a specific type of tree belt, called 
a Break-Of-Slope (BOS) plantation, was designed to intercept soil water moving 
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laterally down hillslopes (Figure 1.1 ). These plantations are located along the 
topographic BOS because that is believed to be where the water is nearest the 
surface, so the trees have the best opportunity to intercept the groundwater flow 
(Stirzaker et al., 2002b ). The trees consequently limit groundwater recharge 
downslope, and the run-on water provides the trees with an additional water 
source, which encourages growth and productivity. 
Rainfall 
D 
Bedrock 
Trees intercept 
lateral flow 
and transpire 
water out of profile 
Figure 1.1. Principle behind a Break-Of-Slope tree belt plantation 
Less water . 
accumulates on 
lower slopes 
Near Warrenbayne, Victoria, a BOS tree belt was planted to treat waterlogging 
at the bottom of a hillslope (Clifton and Miles, 1998). It was later found that the 
waterlogging was due to a local perched system, and there was not adequate 
water moving down the hillslope to support the trees in the belt (McJannet et al., 
2000). Consequently the trees began to die from water stress during a drought 
period. This was an undesirable result at a time when farmers need to be 
encouraged to replant trees on their farming land. It also highlights the problem 
of applying a general solution to a symptom (i.e. waterlogging at the bottom of a 
hillslope) without assessment of the local hydrological conditions at the site. 
To optimise the potential for success of BOS plantations, hillslopes that 
experience significant surface runoff and shallow soil water lateral flow, here 
called Subsurface Lateral Flow (SLF), need to be efficiently identified. In a 
review of the use of trees to control salinity in 1992, it was concluded that there 
was "a lack of information, uncertainty and difference of opinion on basic 
questions such as: ... where to locate plantings" (Schofield, 1992:2). The 
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difficulty in locating areas where SLF occurs was noted again in 1999, for 
restricting the ability of targeting tree plantings (Lefroy and Stirzaker, 1999). 
Finally, in a government investigation into farm forestry as it relates to natural 
resource management in the mid to low rainfall areas of south-east Australia, it 
was said that "For recharge reduction to be effective, revegetation will need to 
be strategically located and of sufficient scale to match the particular 
groundwater system" (Australian Greenhouse Office, 2001 :18). 
If the significance of lateral flow, both surface and SLF, down a hillslope could 
be estimated from easily obtained hillslope characteristics, then a more 
informed decision could be made on hillslope suitability for a BOS plantation 
before resources are spent on tree planting. The ability to target tree plantations 
would assist in optimising the success of the new tree belts, making them more 
effective at controlling waterlogging and salinity in south-east Australia. Also 
tree belts in low to mid rainfall areas are more likely to be successful with 
additional run-on water source, because they are more likely to survive drought 
conditions, and generate commercial return from wood products. 
1.3 Research Aims 
In the long run, a decision tool is required in order to identify potential BOS 
plantation sites efficiently and effectively, in southeast Australia. This research 
aims to develop guidelines to assist in the identification of sites that have a 
significant volume of lateral flow, both surface runoff and SLF, which could be 
intercepted · by a tree belt. 
As a first step in the identification process this research aims to: 
* Explore the significance of lateral flow (surface runoff plus SLF) in 
southeast Australia. 
* Conduct a sensitivity analysis of SLF to soil, topographic and 
rainfall properties in southeast Australia using model simulation, to 
investigate the conditions required to generate lateral flow. 
* Derive a conceptual hydrological understanding of the response of 
an example . hillslope based only on the topographic and soil 
properties. 
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* Conduct detailed monitoring in the field of an example hillslope 
hydrological response to rainfall, to identify the dominant 
hydrological flow paths under various soil, topographic and rainfall 
conditions. 
1.4 Thesis Overview 
Chapter 1 has outlined the dilemma facing the sustainability of Australia's 
agricultural systems due to the hydrological imbalance caused by widespread 
clearing of native vegetation. Some options for reintroducing perennial 
vegetation into the agricultural landscape have been discussed, with particular 
focus on BOS tree belts originally designed for southeast Australia. This 
research aims to assist in better locating these types of plantations by 
measuring and inferring the processes operating at one particular field site, and 
using model simulation to extrapolate the study to a wider region. The specific 
research aims were presented in Section 1.3. 
Chapter 2 presents a review of the literature. It introduces the basic concepts of 
hillslope hydrology, and then contains discussion of the important hillslope 
characteristics that influence the occurrence of surface runoff and SLF. Next, 
the soil properties that have the potential to indicate SLF are considered. A 
summary of the research on the occurrence of SLF in Australia and the 
application of BOS tree belts is given. 
Chapter 3 presents the methods for monitoring a field site in southern New 
South Wales. It describes the site selection process for hydrological monitoring, 
followed by the methods used to characterise the site. Finally, the methods 
used for monitoring the hydrological response of the hillslope are stated, 
including the installation and calibration of the monitoring equipment. 
The detailed description of the topography and soil stratigraphy of the field site 
is presented in Chapter 4. Included is a conceptual understanding of the 
hillslope hydrological response, based on an interpretation of the topographic 
and soil properties. 
Chapters 5 and 6 present an analysis of the data collected from the hydrological 
monitoring at the field site. Chapter 5 uses the soil water content data to run a 
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simple daily water balance for the field site and compare the generation of 
excess water over the field site. Also in that chapter the occurrence of surface 
runoff and SLF is presented, and the conditions required to generate lateral flow . 
(surface runoff and SLF) are summarised. In Chapter 6 the dominant lateral 
flow paths are identified and a conceptual hydrological model is produced for 
the site. This is compared to the understanding of the hillslope hydrological 
response produced from the physical properties alone, to investigate the 
potential for soil properties to indicate lateral flow paths. 
In Chapter 7 HILLS, a two dimensional physically-based model, was used to 
conduct a sensitivity analysis of SLF to some of the important hillslope 
characteristics identified in Chapter 2. The sensitivity analysis moves this study 
to a regional scale based on general information in south-east Australia, and is 
not specific to the Holbrook field site. 
Chapter 8 presents the initial development of a set of guidelines that can be 
used to assist in locating and designing tree belt plantations. A summary of the 
simple rule sets is given to estimate the volume of excess water generated on a 
hillslope, determine whether excess water is likely to move laterally at a depth 
where the trees will use it, and then to estimate the inter-belt spacing and tree 
belt width using a simple spreadsheet model. The thesis is concluded in 
Chapter 9 with a summary of the research, including its key findings and 
contributions. 
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Chapter 2 Lateral Flow and Tree Belt Plantations 
2.1 Introduction 
This chapter presents a review of the literature relating to hillslope hydrology 
and break-of-slope (BOS) plantations. Subsurface Lateral Flow (SLF), also 
known as throughflow, refers to water movement in the potential root zone of a 
regolith and not water flow in deeper groundwater systems. In this chapter the 
dominant water flow processes acting at the hillslope scale, including SLF, are 
discussed. Next the hillslope characteristics that influence the occurrence of 
SLF are reviewed. Soil properties that may assist in locating sites with 
significant occurrence of SLF are described, and finally a review of research 
into SLF and BOS plantations in Australia is given. 
2.2 General Description of Hillslope Hydrology 
Research into hillslope hydrology was first documented in the 1930's when 
Robert Horton began studying water infiltration on hillslopes (Horton, 1931 ). 
Since then many studies have been completed on mechanisms that control 
hillslope hydrology, summarised by Maidment (1993). Although there are still 
issues of debate, including the significance of some mechanisms in particular 
landscapes, the basic principles that control hillslope hydrological response 
I 
have essentially remained unchanged since summarised by Kirkby (1978). 
When rain falls on a hillslope it may be intercepted by vegetation and lost 
directly as evaporation, or moved to the ground surface as throughfall, or stem 
flow. Water that reaches the surface can run down the hillslope as surface 
runoff, or infiltrate into the soil. Once water is in the soil profile it will move 
· vertically and/or laterally, governed primarily by the properties of the hillslope 
and soil. When it reaches a stream or regional watertable it is then considered 
part of the larger catchment hydrology, and is beyond the focus of this study. If 
conditions prevail, at any stage, along any flow path, water can be lost as 
evaporation or evapotranspiration. These processes of hillslope hydrology will 
now be discussed in more detail. 
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2.2.1 Vegetation interception 
Rainfall R (mm) on a hillslope can be intercepted and stored in the vegetation 
canopy and in organic litter on the ground. Some of the water remains in the 
canopy C (mm) and is lost as evaporation (Helvey and Patric, 1965). The rest 
moves by stem flow, or throughfall to the leaf litter L (mm). Some of this water 
then moves through the litter to the soil surface. The water that reaches the soil 
surface is considered to be effective rainfall Rett (mm) or net rainfall, and is 
represented as 
Rerr = R-C-L 2.1 
The effective rainfall can be lost as surface runoff or can infiltrate into the soil. 
A review of rainfall interception by various Eucalyptus species found 
interception ranged from 4% to 36% of gross rainfall (Dye and Versfeld, 1992), 
and the storage capacity of the canopy varied from 0.2mm to 0.8 mm. 
Interception capacity varies with tree species. In small plantations (1.5ha) of 
mixed Eucalyptus species of the same age, in south Western Australia, 
interception of annual rainfall between species ranged from 16% to 36% 
(Greenwood et al., 1985). The storage capacity for different Eucalyptus species 
· can vary from 0.032mm per unit leaf area for Eucalyptus viminalis to 0.178mm 
for Eucalyptus paucif/ora (Aston, 1979). 
Some researchers have found correlation between leaf area index (LAI) and 
interception (McJannet and Vertessy, 2001; Aston, 1979). Others investigated 
and found no such relationship (Greenwood et al., 1985). McJannet and 
Vertessy (2001) found that interception in a five-year-old BOS plantation varied 
only between 9 and 11 % of the rainfall, despite tree density ranging from 800 to 
400 stems per hectare. They concluded that the stands responded to thinning 
with an increase in LAI, and thus maintained a similar interception capacity. It 
has also been shown that age, most likely after a threshold value, has little 
i.mpact on the volume of interception. In a Eucalyptus regnans forest in.Victoria, 
an old growth canopy intercepted up to 23% of the annual rainfall while a 35-
year stand intercepted 19% (Duncan et al., 1978). 
In a study of a four-year-old Eucalyptus grandis forest compartment in Africa, 
there was no correlation between the interception loss and the volume of the 
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rainfall event (Dye and Versfeld, 1992). On average the canopy storage was . 
0.5mm. In a three-year field study of a Eucalyptus forest on the south coast of 
Australia, interception loss ranged between 10% and 15% of the annual rainfall, 
despite the rainfall volumes varying from 590mm to 1530mm (Dunin et al., 
1988). The vegetation canopy storage was inferred to be 0.35mm. From this 
data a relationship between gross precipitation Pin a rainfall event and 
interception loss I was derived, with a correlation R2 of 0.82 (Dunin et al., 1985) 
l=0.65+0.13P 2.2 
Rainfall intensity also influences interception. In a tree belt plantation of 5 year-
old Eucalyptus globulus species in Victoria, a range in interception between 5% 
and 45% over several rainfall events was attributed to high and low rainfall 
intensities respectively (McJannet and Vertessy, 2001 ). 
There is little information on interception of pasture and litter cover in Australia. 
One study in Australia found that pasture intercepted 8% of the annual rainfall 
(McJannet et al., 2000). In eastern USA it was found that the litter interception 
under natural forest conditions accounted for between 2-5% of annual rainfall 
(Helvey and Patric, 1965), and a review of litter interception found that for fine 
Eucalypt material, a storage capacity of 200% (by weight at any time) is typical 
(Raison and Khanna, 1982). 
2.2.2 Surface runoff 
Surface runoff occurs when water is supplied to the soil at a rate that exceeds 
the infiltration rate. There are two mechanisms that can generate these 
conditions. In the first case if the rainfall intensity is greater than the infiltration . 
capacity of the soil (Section 2.2.3) the excess water accumulates on the surface 
and enables surface runoff. This is known as infiltration excess surface runoff, 
or Hortonian flow. In the second case, if a soil is saturated to the surface then 
infiltration can be reduced, so additional water will move as surface runoff. This 
case is what is defined as saturation excess surface runoff. 
In initiating surface runoff, a layer of water forms on the surface and 
depressions fill to the point where they can transmit water flow downslope. Then 
with a continued water supply surface runoff will occur. 
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There are various ways of predicting the volume of surface runoff. For example, 
assuming that the change in gradient and elevation of a hillslope is not too 
rapid, the volume of surface runoff q, per unit area, in a given time period can 
be given as (Marshall et al, 1996) 
where D is the depth of ponded water on the surface, and K1 and m are 
kinematic constants. Manning's solution for K1 and m are 
2.3 
2.4 
where S = sin( rp), rp being the angle of surface inclination, and n is a coefficient 
that reflects the roughness of the surface. Estimates of Manning's n values for 
various land covers are given in Chow (1959). 
2.2.3 Infiltration 
Infiltration is limited by the amount of water available, which is defined here as 
the effective rainfall Rett (Equation 2.1 ), plus any run-on from upslope. Water 
cannot infiltrate into a surface pore until a film of water has developed. 
Therefore if a soil has been dried out by evaporation, the available water must 
exceed the volume required to develop the film for infiltration to occur. 
Infiltration also depends on the infiltration capacity: the number, size and 
connectedness of pores on the surface, and the degree to which these close if 
swelling occurs during wetting. Infiltration will be severely restricted if the 
surface is compacted and a surface crust has formed. Infiltration excess surface 
runoff is more likely in that case. If the surface soil is high in organic matter it 
can repel water, creating a condition known as hydrophobicity, which inhibits 
infiltration (Marshall et al., 1996). Finally, the process is affected by the ability of 
the soil to transmit the infiltrated water away. If the transmission of soil water is 
low, then further infiltration can be limited because the pores will already be full 
and unable to accept more water. Surface waterlogging or saturation excess 
flow may result. 
In ponded conditions infiltration does not occur at a constant rate (Hillel, 1982). 
Initial infiltration into a dry soil is relatively rapid. The water flow is controlled by 
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the potential gradient between the wetting front and the dry soil. The rate that a 
soil wets up is known as sorptivity s. In unsaturated soil that is non-hydrophobic 
and gravity effects are negligible it can be decribed as in Equation 2.5. As 
infiltration continues, the wetting front moves further from the soil surface, the 
potential gradient declines, and gravitational force begins to dominate. In this 
phase the infiltration rate approaches a constant. The cumulative volume of 
water / infiltrated in time t (Equation 2.6), and the volume of water i entering a 
unit area of soil in a unit time (Equation 2.7) can be defined (Philip, 1957; 1969) 
as, 
2.5 
/(t) = st112 + At 2.6 
2.7 
where A is a constant that approaches the saturated hydraulic conductivity of 
the surface as time approaches infinity. 
2.2.4 Soil water movement 
2.2.4.1 Soil water content 
There is a relationship between the soil water content and the soil water 
potential. "In a saturated soil at equilibrium with free water at the same 
elevation, the actual pressure is atmospheric, and hence the hydrostatic 
pressure and the water potential (or tension) are zero" (Hillel, 1982:75). If the 
water potential was decreased, the soil water content remains constant until a 
threshold, known as the air-entry potential, is exceeded. Beyond this potential 
some water will drain from the soil. The larger pores drain first, and as potential 
decreases the size of the draining pores decreases. The permanent wilting 
point is the limit for plants to be able to extract water from a soil. It is typically 
defined as -1.5 x 103 kPa potential. 
The rate at which the soil water content changes from the air-entry potential to 
the permanent wilting point potential depends on the soil properties. At high 
potential soil structure, and the pore size distribution, dominates the draining 
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process. Therefore a soil that has been compacted will have fewer large pores 
and therefore comparably low water content at high potentials (Hillel, 1982). At 
lower water potential the soil texture has a greater influence. Generally clay 
soils have higher water content at all potentials when compared to sandy soils, 
because the clay holds soil water more firmly. 
The relationship between potential and water content for a soil can be 
measured using soil cores in the laboratory. The curve def~ned by the water 
content (cm3/cm3) plotted against the potential (kPa) on a log-log scale is known 
as the soil-water characteristic or water retention curve (Childs, 1940). It can be 
used to infer many important characteristics about the soil. The soil water 
characteristic curve has a generic shape, showing the value of the air-entry 
potential \Ve, the permanent wilting· point Wp, and the pore size distribution index 
A which is the gradient of the line (Figure 2.1 ). The pore size distribution index 
indicates the rate that water content changes with potential, as determined by 
the number of pores of various sizes. 
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Figure 2.1. Water retention curve showing the air-entry potential lf/e, permanent wilting 
point Wp, and the pore size distribution index A. 
2.2.4.2 Saturated soil water movement 
The main forces driving pure water flow in a soil are matric and gravity forces, 
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which relate to the matric and gravitational potentials. Hydraulic conductivity is 
the rate that water moves through a soil, usually described as a distance per 
unit time. The conductivity is at its maximum in saturated conditions because all 
pores are filled, and able to conduct the water. Soil water movement in 
saturated conditions is described by Darcy's Law (Darcy, 1856 in Hillel, 1982) 
as · 
q=QIA=K(tiH)/L 2.8 
where q is the flux of water, Q is the rate of discharge of water through cross-
sectional area A, K is a proportionality constant that is generally known as the 
hydraulic conductivity, tiH is the difference in the hydraulic potential between 
two points within the soil, and L is the straight line length between the two points 
that define the hydraulic gradient. 
-·--·--·--·-
.· - ·· -·· - ·.·-·. 
·-·- -· ·-- ·-· 
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..................... +····· 
Hl 
L 
Figure 2.2. Downward flow of water in a vertical saturated column (Hillel, 1982:98) 
Saturated flow occurs in three dimensions, but for ease of study it will be 
represented into two dimensions, with vertical and horizontal flow components. 
Downward vertical saturated flow is dependent on the difference in hydraulic 
potential between the inflow boundary H1 and the outflow boundary H0 , the 
length of the saturated column L, and the saturated hydraulic conductivity Kv 
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(Figure 2.2) (Equation 2.9). If the column is saturated the potential difference 
due to potential is minimal (i.e. H1 ~ Ho = 0), so the gravity potential is the only 
acting force, so saturated flow is given by the hydraulic conductivity Kv. 
q=Kv(H1+L)/L becomes q=Kv 2.9 
Horizontal flow through a saturated soil column (Figure 2.3) is similar to the 
vertical case in mathematical terms, where flow is proportional to the cross-
sectional area A, the hydraulic potential gradient (H;-Ha)IL, and the horizontal 
hydraulic conductivity Kh (Equation 2.10). If there is no hydraulic potential, for 
example if saturation of a uniform soil above a horizontal horizon occurs, then 
no horizontal flow will be generated. 
- 2.10 
\\ 
-,.:_•---- L -----•! 
! 
A, cross sectional area 
~-------- Reference Level ----------~ 
Figure 2.3. Flow in a horizontal saturated column {Adapted from Hillel, 1982:94) 
2.2.4.3 Unsaturated soil water movement 
Unsaturated hydraulic conductivity is related to the soil water content. As the 
water content decreases from saturation, and potential decreases from zero, 
fewer pores are available to conduct water. Therefore the hydraulic conductivity 
drops below the saturated conductivity value. Flow q in an unsaturated soil is 
therefore dependent on the hydraulic conductivity at the given potential Ku(l/1), 
or water content Ku( 0), and the hydraulic potential gradient VH in that direction 
(Equation 2.11) (Richards, 1931 ). 
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q=-Ku(l/f)(VH) or q=-Ku(0)(VH) 2.11 
As with the saturated flow, the unsaturated flow can be reduced to a vertical 
and horizontal component, to give the flux density in unsaturated conditions 
(Equations 2.12 and 2.13 respectively). 
80 = ~(K 81/fJ _ aK 
at az az az 
where z and x are the coordinates in the vertical and horizontal directions, 
respectively. 
2.12 
2.13 
The hydraulic conductivity at water content below the level of air entry potential 
1/fe can be found using the Campbell's (197 4) relationship (Equation 2.14) 
K(0) = Ks(0 I 0s)<2},,+3 ) for . 1/f) 1/fe 2.14 
where K( 0) is the hydraulic conductivity at water content 0, Ks is the saturated 
hydraulic conductivity, 0s is the saturated water content, and A is the pore size 
distribution index which can be found using the gradient of the soil-water 
characteristic (Figure 2.1 ), as described in Section 2.2.4.1. 
2.2.4.4 Preferential flow paths 
Infiltration and saturated and unsaturated soil water flow, discussed in the 
above sections, all refer to flow in the soil matrix. Preferential flow paths within a 
soil, such as macropores (pores with diameter greater than 0.05mm) can 
significantly influence infiltration and water movement within a soil and hillslope 
(Hutchinson and Moore, 2000). 
If soil saturation intersects a macropore, then a significant volume of water can 
be transported through the macropore. Macropore flow can increase the 
hydraulic conductivity by two (Mosley, 1979) or three (Clothier and Smettem, 
1990) orders of magnitude. Water redistribution by macropores depends on the 
length and connectedness of the pores. It has been found that macropore flow 
can travel up to 10 metres in a sloping forested soil (Aubertin, 1971 as noted in 
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,.··· ii ·:_ Thomas and Phillips, 1979). Macropores were found to have a large control 
over infiltration and SLF on a hillslope in the Mount Lofty Ranges, South 
Australia (Leaney et al., 1993). Macropore flow accounted for 73% of water 
infiltration in a forested reserve in Tennessee, USA, and 96% of the water flux 
ran through only 0.32% of the soil (Watson and Luxmoore, 1986). It can rapidly 
contribute water to the ground watertable (Johnston, 1987a; 1987b ). Therefore 
infiltration into a soil may not occur uniformly from the surface, but instead_ water 
may move into macropores before the soil matrix is saturated and the soil is wet 
up preferentially outwards from the macropore walls (Anderson and Bouma, 
1973, Bouma et al., 1978, review in Thomas and Phillips, 1979). 
2.2.5 Evapotranspiration 
Evaporation refers to the loss of water from the system by the conversion of 
water from a liquid to a gas. It includes evaporation from bare soil, and 
evaporation lost from vegetation interception, already discussed in Section 
2.2.1. Transpiration is the loss of water from the hillslope once it has passed 
through a plant. Evapotranspiration is the sum of water lost as evaporation and 
as transpiration. It depends on the soil properties and water content, plant 
characteristics and rooting depth, and the atmospheric conditions. 
Evaporation from a bare soil occurs in three phases. In the first phase, when the 
soil is still very moist, water evaporates at a rate approximately equal to that 
from a free water surface (Rosenberg et al., 1983). In the second phase, initially 
evaporation is controlled by the soil's ability to supply water to the soil surface, 
· which is reflected by the soil's hydraulic properties. By the end of the second 
phase most of the water movement occurs as vapour. In the final phase of 
drying there is very little change in soil water content. A leaf litter layer can 
inhibit soil evaporation (Murphy et al., 2004). 
A plant's ability to access water is a key control of transpiration. It is possible 
that a plant can use soil water below the rooting depth by capillary action, but 
Rosenberg et al., (1983) states that this accounts for a small volume, which 
therefore limits a plants soil water to within the rooting depth. 
Transpiration rates vary with the soil potential, the permanent permanent wilting 
point being the smallest potential below which plants can nolonger transpire, 
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nor recover (i.e. leads to mortality). As the potential decreases from the 
permanent permanent wilting point to a critical potenital, the soil water is more 
easily extracted and so the transpiration rate increases. Once the potential 
exceeds the critical value, transpiration is no longer soil water limited, but is now 
limited by the plant properties and the atmospheric conditions. The critical 
potential varies with plant type. In one study the critical potential below which 
transpiration rates decreased was measured as a fraction of the possible 
saturated soil water content (Dunin, 2002). Dunin found the critical soil water 
content was 30% for plantations and agricultural communities, 30% for a natural 
Eucalyptus maculata forest, 54% for a Eucalyptus tree belt and 95% for a 
natural mallee community (Figure 2.4 ). Figure 2.4 also shows the dependence 
of transpiration on LAI, especially above the critical water threshold. In the 
mallee and plantations and agricultural communities (LAI 0.25 and 4.0 
respectively), when soil water was not limiting, the actual evapotranpsiration is 
57% and 100% of the potential evaporation respectively. It should be noted that 
transpiration can be indirectly effected by the vegetation canopy, as interception 
reduces the volume of water reaching the soil and thus available to the plant 
roots (Grelle et al., 1997). 
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Figure 2.4. Relative eva·poration response {E/Ept) as a function of plant available water 
{W/Wmax) in the root zone of four nominated communities. The leaf area index {LAI) is 
given for each vegetation type {Dunin, 2002:265) 
The final strong control on both evaporation and transpiration is the atmospheric 
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condition. Radiation, relative humidity, temperature, and wind speed all 
contribute to the atmospheric control of evapotranspiration. 
There are many methods available to estimate the potential evaporation 
assuming water is an unlimiting factor. One of the most commonly used is the 
Penman-Monteith Equation (Penman, 1948; Monteith, 1963), which estimates 
the reference potential evaporation for a crop as 
(R G) C (es-ea) S n- +pa p 
ra 
----------
s+r(1+ ~:) 
2.15 Pw 
where J is the latent heat of vaporisation (MJ kg-1 ), Ea is the evapotranspiration 
(ms-1), Pw is the density of water, sis the slope of the saturation vapour 
pressure temperature curve (kPa 0 c-1), Rn is the net radiation (W m-2), G is the 
soil heat flux (W m-2 day-1 ), Pa is the mean air density at constant pressure, Gp is 
the specific heat of the air, es is the saturation vapour pressure (Pa), ea is the 
actual vapour pressure (Pa), ra is the aerodynamic resistance (s m-1), rs is the 
bulk surface resistance (s m-1), and y is the psychrometric constant (Pa 0 c-1). 
The Priestley-Taylor Equation (Priestley and Taylor, 1972), another common 
method for estimating the potential evaporation Ea, offers the simpler alternative 
AEo =a s (Rn+G) 
Pw s+y 
2.16 
where a is an empirically derived constant representing the ratio between the 
potential evaporation and the equilibrium evaporation (Ronsenberg et al., 1983). 
Values of a range from 1.08 to 1.34, but the commonly used mean value is . 
1.26. 
The potential evaporation Ea, can be adjusted for different vegetation types 
using a crop coefficient Kc, to give the evapotranspiration PET (Allen, 1998) . 
PET =Eox Kc 
. 2.17 
2.3 Factors Influencing the Occurrence of Surface runoff 
Section 2.2 described the different hydrological processes that are important at 
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the hillslope scale. This section presents a more detailed discussion on the 
interaction between infiltration and surface runoff, and the factors that affect the 
generation of surface runoff. The surface runoff varies with the rainfall intensity, 
as it relates to the infiltration capacity, the vegetation cover, microtopography, 
and the hillslope gradient (Dunne et al., 1991 ). 
2.3.1 Rainfall intensity and infiltration capacity 
If the rainfall intensity is less than the infiltration capacity, then the infiltration 
rate equals the rainfall intensity, and there is no surface runoff. As the rainfall 
intensity increases the infiltration rate also increases, until the rainfall intensity 
exceeds the infiltration capacity. In this case the infiltration rate equals the 
infiltration capacity, and the remaining water begins to pool in the surface 
depressions, or runs off the surface. 
Infiltration capacity of the soil is spatially variable, so over a hillslope some 
areas may be generating surface runoff while others are still infiltrating water. 
Hillslope runoff is a ne~ response to rainfall. 
2.3.2 Vegetation 
Vegetation cover also affects the partitioning between infiltration and surface 
runoff. Vegetation can directly increase the infiltration capacity because it 
creates root channels and encourages soil biota and organic matter. These all 
influence the soil structure, stability and therefore infiltration capacity. 
Vegetation can also impede surface runoff by creating a rough surface for the 
water to fiow over. This decreases the fiow velocity, and increases the likelihood 
of infiltration. Without vegetation cover raindrop impact may create a surface 
crust, which decreases the infiltration capacity of the soil and aids surface 
runoff. 
2.3.3 Microtopography 
; 
Excess water on the surface needs to fill surface depressions before surface 
runoff will occur. Surface depressions occur naturally, but can also be formed 
by livestock hooves pugging the surface or trampling tracks across the 
landscape. The size and occurrence of surface depressions varies spatially, 
consequently affecting the spatial distribution of surface runoff. The water 
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required to fill the surface depressions is called the surface storage capacity. 
This quantity is also dependent on the overall hillslope gradient. On steeper 
slopes the depressions will hold less water before they flow laterally. 
Another way that microtopography affects the partitioning between infiltration 
and surface runoff is by the water ponding in surface depressions providing a 
_ positive potential for infiltration. These surface depressions will therefore have 
preferential infiltration but the effect is minimal compared to other controls such 
as soil water content (Bagarello et al., 2000). 
2.3.4 Summary 
This short discussion highlights the complex interactions between rainfall 
intensity, infiltration capacity, vegetation cover, microtopography and hillslope 
gradient, and how they affect surface runoff. As all these inputs vary spatially 
and temporally, a measurement of hillslope surface runoff is an integrated 
response to this complex set of variables. 
2.4 Factors Influencing the Occurrence of Subsurface Lateral 
Flow 
This section focuses on SLF, and the conditions · required to generate it. SLF 
can occur in unsaturated conditions (Weyman, 1973; Harr, 1977; Anderson and 
Burt, 1977; Sinai et al., 1981; Wallach and Zaslavsky, 1991 ), but for rapid flow, 
the soil must become saturated (Weyman, 1973; Anderson and Burt, 1978; 
Hurley and Pantelis, 1985). Rainfall, soil hydraulic conductivity, soil storage 
capacity and topography influence the generation of saturated conditions and 
consequential SLF. 
2.4.1 Rainfall 
Rainfall intensity and duration are important in determining the likelihood of . 
SLF. Rainfall must occur at a rate sufficiently greater than water will infiltrate 
and accumulate in the soil. · The rainfall event must then last long enough to 
provide the water required for saturation (Freeze, 1972a; 1972b ). For example, 
Harr (1977) found that 30mm of rainfall in 12 hours. induced saturated 
conditions on a convex slope in Somerset, United Kingdom. In this case 38°/6 of 
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the rainfall moved as SLF and saturation lasted up to 20 hours. Hammermeister 
et al. (1982) studied saturated conditions above an impermeable layer on a 
convex slope in Oregon, USA. They found that 20mm of rainfall in a day was 
enough to generate saturation when the antecedent Welter potential was 
between -1 kPa and -2kPa. In the Mount Lofty Ranges, South Australia, 49mm 
of rainfall overnight initiated SLF (Leaney et al., 1993). Subsequent rainfall on 
the same day produced a greater volume of this type of flow. Rainfall water 
dominated the SLF at this site, as only 10"'."20% of the water flowing was 
displaced soil water. On a forested hillslope near Sheffield, in the United 
Kingdom, a threshold rainfall intensity of 3.6mm/hr. for at least 2 hours 
generated SLF, but the authors of the study indicate that more detail on canopy 
interception is required to improve the accuracy of the threshold estimate 
(Trudgill et al., 1983). 
2.4.2 Soil hydraulic conductivity 
Hydraulic conductivity is among the most important factors in initiating SLF 
(Whipkey and Kirkby, 1978). SLF is generally more likely if the saturated 
horizontal hydraulic conductivity of a soil horizon is greater than the vertical 
(Zaslavsky and Rogowski, 1969; Hammermeister et al., 1982; Mosely, 1982), 
but changes in the vertical hydraulic conductivity are critical in generating SLF. 
There is a greater potential for soil saturation if vertical drainage is impeded by 
an abrupt decrease in hydraulic conductivity (Weyman, 1973; Hammermeister 
et al., 1982; Lehman and Ahuja, 1985; Hurley and Pantelis, 1985; Burt, 1986; 
Michiels et al., 1989; Parlange et al., 1989). Low permeability layers that can 
initiate SLF include plough pans (Michiels et al., 1989), abrupt changes 
between soil horizon properties (Parlange et al., 1989; Novak, 1994 ), and 
bedrock (Weyman, 1973). In a forested catchment in New Zealand SLF 
occurred at two depths due to changes in the permeability of the soil (Bowden 
et al., 2001 ). The first was in the litter layer on the soil surface, and the second 
on the bedrock at approximately 2.5 m depth. The soil between these horizons . 
remained comparatively dry. Weyman (1973) also found multiple lateral flow 
paths, although flow· on top of the B horizon only occurred after large rainfall 
events, while flow directly above.the bedrock was perennial. 
Weyman (1973:267) concluded that in general "either distinct soil horizons or 
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impermeable bedrock are essential for the initiation of lateral flow'', but SLF has 
been recorded on a sandy slope without an apparentmpeding layer (McCord 
and Stephens, 1987). However, in this case flow was in unsaturated conditions. 
The distribution of SLF can be controlled by fractures in the impeding layer. The 
cracks can allow vertical drainage (Johnston, 1987a; 1987b; Parlange et al., 
1989), or if the regional watertable is rising, water can be pushed up through the 
fractures forming springs, and increasing the occurrence of SLF (Genereux et 
al., 1993; Novak, 1994; Onda et al., 2001 ). Alternatively, the occurrence of 
vertical macropores, or the presence of local areas of high permeability in the 
restricting layer can cause variability in the occurrence of SLF (Dunin, 2002; 
. Leaney et al., 1993 ). 
2.4.3 Soil water storage capacity 
The likelihood of soil saturation and SLF increases with a decrease in soil 
depth, or an increase in antecedent water, as both factors reduce the capacity 
of the soil to store additional water (Mosely, 1982; Hammermeister et al., 1982; 
Burt, 1986; Wallach and Zaslavsky, 1991 ). Mosely (1979) found that a rapid 
decrease in soil depth midslope concentrated the soil water, leading to 
saturation and SLF. In another study Sidle et al. (1995) monitored SLF at a site 
in Japan throughout the typhoon season. As the season progressed the stored 
soil water increased, and so did the saturated area. At the end of the season up 
to 20% of the hillslope was contributing to SLF. Further study in Japan 
attributed the increase in SLF with antecedent water to the connection of a 
mosaic of short macropores, enabling them to move more water down the 
hillslope (Sidle et al., 2001 ). Lehman and Ahuja (1985) also found an increase 
in the amount of SLF with increasing antecedent water, but the rate of lateral 
flow remained the same. From a study in the Tarrawarra catchment, in southern 
Victoria (Western et al., 1999), it was suggested that two 'preferred states' were 
identified relating to the seasons. During summer, water flux was dominantly 
vertical because the evaporation demand was high which kept the soil dry and . 
limited any redistribution of water. In winter lateral redistribution occurred, and 
the topography controlled the occurrence of water accumulation. 
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2.4.4 Topography 
SLF occurs wherever there is a sloping watertable. While it does occur on 
convex slopes (Freeze, 1972b; Weyman, 1973; Hammermeister et al., 1982), it 
typically happens in hillslope hollows, or concavities, where water accumulates 
. (Anderson and Burt, 1978; Sinai et al., 1981; Huff et al., 1982; Hammermeister 
et al., 1982; Woods and Rowe, 1996). The degree to which water is confined in 
hollows is dependent on the gradient of the hillslope. On shallow slopes water 
potential gradients can override gravitational forces, therefore not confining SLF 
to hollows (Anderson and Kneale, 1980; 1982). Anderson and Burt (1978) also 
highlighted the importance of gradient in defining flow paths, indicating that on 
slopes greater than 25 degrees the potentials due to elevation dominate the 
influence on flow. Flemming and Cox (1998) found a difference in the surface 
runoff and SLF generated in two catchments in the Mount Lofty Ranges, South 
Australia. They attributed one catchment to have larger and more frequent 
• runoff events than the other because of the steeper gradient of 13% compared 
to 7%. Stirzaker et al. (1999) comments that a gradient greater than 5 degrees 
(9%) is required for water to move laterally. 
The topography can also affect the unsaturtated anisotropy of layered soils. An 
increase in the angle of inclination from O to 30 degrees increased the hydraulic 
conductivity acting parallel to the interfaces, compared to the perpendicular 
conductivity (Green and Freyberg, 1995). 
If the subsurface topography of the impeding layers follows the surface, then 
the occurrence of SLF can be predicted using surface topography. However, in 
a complex colluvial landscape in Brazil, the paleotopography differed from the 
surface profile, and the subsurface topography controlled the occurrence of SLF 
(Fernandes et al., 1994 ). Other research in Georgia, USA found that the 
subsurface topography was highly significant in controlling the distribution of 
throughflow (Freer et al., 2002). 
2.5 Potential Indicators of Subsurface Lateral Flow 
Above is a summary of the site characteristics that are important in generating -
SLF. It indicates that SLF is most significant under saturated conditions. Water 
is the main influential factor on soil development in most environments (Wysocki 
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Table 2.1 Summary of the relationship between soil properties, and the period of 
saturation, based on the literature review. 
Soil Property 
Chromas > 3 
Hue= 10YR 
Mn dissolving 
Fe dissolving 
Mottling 
Yellowing in red matrix 
Chromas < 3, bright mottles 
Pale brown mottles 
Fe and Mn segregations 
Bleached 
Hue = 2.5Y or 5Y 
Gleyed soils 
Increase abundance of mottles 
Value increases 
Increase number and size of 
mottles Fe and Mn 
segregations 
Saturation Conditions 
Rarely 
Well drained 
Moist, unsaturated 
Saturated few days 
At least 2 months/year 
Sporadic 
Fluctuating to periodic 
25% of time 
Fluctuation of watertable 
Periodic, lateral flow 
Poorly drained 
> 50% of time 
Increases 
Increases 
Increases 
• 
Reference 
Khan and Fenton, 1994 Seelig 
and Richardson, 1994 
Simonson and Boersma, 1972 
Veneman et al., 1976 
Veneman et al., 1976 
Dunne et al., 1975 
Fristch and Fitzpatrick, 1994 
Khan and Fenton, 1994 
Daniels et al., 1971 
Stace et al., 1968; 
Khan and Fenton, 1994 
Duchaufour, 1982, Fristch and 
Fitzpatrick, 1994 
Simonson and Boersma, 1972 
Daniels et al., 1971 
Crown and Hoffman, 1970 
Simonson and Boersma, 1972 
Simonson and Boersma, 1972, 
Khan and Fenton, 1994 
Soil Colour ~ Soil Alterations 
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Figure 2.5. Summary of the soil property trends with a decrease in drainage, and an increase in periodic saturation. Source: lnterpretted from references given in Table 2.1 
above. 
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et al., 2000), so soil properties that are affected by saturation and soil water 
movement can potentially be used as indicators for this type of flow. Both 
chemical and physical soil properties can provide information on the occurrence 
of saturation and water movement. The correlation between soil properties and 
saturation and soil water movement, identified in the literature, is summarised in 
Table 2.1, and Figure 2.5. 
2.5.1 Soil chemical properties · 
Water can dissolve many compounds in a soil. Therefore once a compound is 
in solution, water movement can change its distribution over a hillslope. Salts 
are particularly soluble in water. A general measure of the salt concentration in 
a soil is reflected in the electrical conductivity (EC). As the salt concentration 
increases the EC also increases. Therefore an increasing trend in the EC with 
soil depth, or down a hillslope, indicates vertical or lateral water movement, 
respectively. Lavee et al. (1989) used an increase in EC with depth, as well as 
the formation of calcium carbonate nodules and gypsum crystals in vertical 
veins, to support their theory of vertical water movement in a desert hillslope. 
Seelig and Richardson (1994) found areas that were transmitting water on a 
hillslope in North Dakota, United States of America had consistently low EC 
value (less than 2 dS/m measured as a saturated extract). Where water 
accumulated and the soil was frequently saturated the EC values were greater 
than 5 dS/m. 
2.5.2 Soil colour 
Soil colour is strongly influenced by the chemical state of iron (Fe) in the soil. In 
an aerated soil the Fe in the matrix is in an oxidized state and the soil will be 
red. In anaerobic conditions, such as those resulting from inundation with water, 
the Fe reduces and the soil becomes brown or yellow, depending on the degree 
of saturation and consequent reduction of Fe. In a zone where the soil water 
conditions fluctuate the soil can contain concentrations of reduced and oxidized 
Fe, which are reflected in red, brown and/or yellow mottles in the soil. Fritsch 
and Fitzpatrick (1994) attributed the yellowing of a red matrix to sporadic 
saturation throughout the year. Crown and Hoffman (1970) found that with a 
longer period of saturation the abundance of mottles increased and became 
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fainter and larger. Dunne et al. (1975) matched mottles to a depth where the 
soil had been saturated for at least two months of the year. 
The occurrence of mottles does not always indicate that a watertable has 
fluctuated in a particular soil. Mottles can also occur in a soil that has a coarse 
textured horizon below a firie textured horizon (Clothier et al. 1978). In this case 
drainage from the finer material can be impeded when the coarse material is 
unsaturated, keeping the finer material at or near saturation, leading to mottling. 
Researchers have attempted to correlate the period of soil saturation to soil 
colour, as defined by Hues, Values and Chromas in the Munsell Colour Chart 
(Munsell Colour Company, 1975). A field study in Oregon, USA found well 
drained soils had a hue of 1 0YR, while poorly drained soils had hues of 2.5Y or 
5Y (Simonson and Boersma, 1972). The Munsell values of each horizon within 
each soil at the site increased linearly with an increase in the period of 
saturation. However, the relationship between soils was not the same across 
the site. On a hillslope in central Iowa, USA, the top 1.13 metres of soil on the 
upper slopes that were never saturated had Munsell Chroma values greater 
than 3 (Khan and Fenton, 1994 ). At a depth where the watertable fluctuated the 
Chroma values were lower, and there were a few bright mottles. On the lower 
slopes where saturation occurred periodically, the soil colour had a lower 
Munsell Chroma, and again bright mottles at the depth of watertable fluctuation. 
Seelig and Richardson (1994) also found Munsell Chroma values of 3 
correlating to areas that rarely saturated. Daniels et al. (1971) declared pale 
brown mottles, which had a Munsell Chroma value lower than_ the matrix, to be 
in areas that were saturated 25% of the time . . 
An individual soil aggregate is called a ped (Charman and Murphy, 1991 ). At 
the ped scale the state and therefore colour of Fe can also reflect the soil water 
regime. If a soil is wetted from a rising watertable, the peds will tend to wet from 
the outside in to the middle, so the Fe on the outside will be reduced and 
yellower, while inside the ped will be redder (Vepraskas, 1992). The opposite 
occurs when the ped is wet from soil water infiltration. 
2.5.3 Redoximorphic features 
Fe and manganese (Mn) reduce in saturated conditions, making them more 
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soluble and easily transported (Duchaufour, 1982). However, Mn oxidizes at a 
higher redox potential than Fe so it reduces with less water (Veneman et al., 
1976). In a laboratory experiment it took a few days of saturated conditions for 
Fe to come into solution; but Mn dissolved in moist but unsaturated conditions 
(Vepraskas and Bouma, 1976). The movement of Fe and Mn in solution, and 
more importantly their precipitation when saturation subsides, creates notable 
features in the soil. When oxidising conditions return, the Fe and Mn precipitate, 
forming red and/or black segregations. Known as redoximorphic features, they 
range from soft irregular segregations to hard spherical nodules. The 
occurrence of redoximorphic features has also been correlated to the fluctuation 
· zone of the watertable (Stace et al., 1968; Khan and Fenton, 1994 ). On a 
. hillslope in Oregon, USA an increase in the amount and size of segregations 
correlated to an increase in the duration of saturation (Simonson and Boersma, 
1972; Khan and Fenton, 1994 ). Care must be taken when interpreting soil water 
movement using redoximorphic features because Fe can be fixed by humic 
material, and therefore not be available to precipitate into segregations 
(Duchaufour, 1982; Novak, 1994) 
2.5.4 Gleyed soils 
Under extended periods of saturation the Fe and Mn can be completely 
removed from a soil making it grey and a sheen can form along the soil ped 
faces. This process is known as gleying. Gleying has been associated with soils 
that are more permanently saturated (Khan and Fenton, 1994 ), and more 
specifically stated as being saturated for greater than 50% of the time (Daniels 
et al., 1971 ). Others found (Dunne et al., 1975) gleying to occur where soils 
were saturated for more than two months in the year. As with the oxidation and 
reduction of Fe, gleying in soil peds can reflect soil water movement. In a 
laboratory experiment gleying occurred along macropores in the soil cores 
(Vepraskas and Bouma, 1976). This was because water was moving 
preferentially along the macropores, and therefore removing the Fe and Mn 
from the edge of the macropore. 
2.5.5 Bleached soils 
Soil horizons that have organic compounds to react with soil nutrients, and 
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saturate intermittently and are able to rapidly transmit the perched water away, 
are leached of nutrients, including Fe and Mn, and have a low cation exchange 
capacity (Duchaufour, 1982; Fritsch and Fitzpatrick, 1994 ). The horizon will 
become very light in colour, or bleached. Water transmitting layers have been 
noted to have no structure (Novak, 1994; Duchaufour, 1982), most likely 
because the removal of Fe reduces soil structure and initiates clay eluviation to 
deeper horizons (Fritsch and Fitzpatrick, 1994 ). Clay eluviation can also block 
pores into the lower horizon, decreasing the drainage potential, and increasing 
the likelihood of further saturation. Consequently horizons that transmit a 
considerable volume of water are likely to be bleached and have a lighter 
texture than the soil horizon below. 
2.5.6 Examples of soil morphology indicator guidelines 
Soil morphological features have already been used to give guidelines on the 
duration of saturation. From a field study in Wisconsin, USA, three categories 
were classified (Veneman et al., 1976). In the first, if the soil was red, but the 
Mn reduced, then there was less than one day of saturation every 12 months. In 
the second category, if the pores had a red lining, the soil matrix contained 
reduced Fe and Mn, and mottles had a Munsell Chroma less than 2, then the 
soil had been saturated for several days, and had high water content for several 
months of the year. In the final category,. Fe and Mn were leached from the 
profile, and the Munsell Chroma of the mottles was less than 1, then saturation 
occurred for several months of the year. 
Studies in the Mt Lofty Ranges, South Australia found a strong correlation 
between soil morphological features and the duration of saturation (Cox et al., 
1996). In the topsoil they found that the morphological features indicative of 
saturation were less extensive than the area of saturation. They believed this 
was due to a lag period in bleaching. These data were used to develop a key to 
assist in identifying ~alinity and waterlogging risk for the region (Fitzpatrick et 
al., 1994). By combining soil features, with vegetation and EC measurements, 
seven classes of salinity risk, from freely drained non-saline soils to strongly 
waterlogged saline soils, were developed. Management options were given for 
each. 
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2.5.7 Soil properties to predict hydraulic properties 
Methods exist where soil hydraulic properties are estimated from soil properties 
that are more easily attained. "The mechanism enabling hydraulic property 
prediction from morphological data", is known as a pedotransfer function (e.g. 
Cresswell et al., 1997). McKenzie et al. (1991) test the performance of several 
pedotransfer functions developed from overseas soils to predict the air-filled 
porosity, available water capacity and saturated hydraulic conductivity on five 
typical soil types from the mid-north of South Australia. They found one method, 
developed by Hollis and Woods (1989), that was able to adequately predict the 
saturated hydraulic conductivity. It required the soil packing density, texture, 
and an estimate of the pore size and distribution. No method was capable of 
· predicting the available water capacity, and only moderately successful 
estimates of the air-filled porosity were possible. Since 1991 testing research 
has begun into pedotransfer functions that are more suited to Australia's typical 
soils. 
An estimate of the slope of the water retention curve, which is the pore size 
distribution index, is possible using a model that requires only the clay content 
of the particle size distribution (Smettem and Gregory, 1996; Smettem et al., 
1999). In order to adequately predict the air entry potential with this method, a 
point on the water retention curve is required. Others have also identified 
methods to predict the water retention curve, which require one or two 
measurements for the curve to usefully predict the air entry potential (Paydar 
and Cresswell, 1996; Cresswell and Paydar, 1996). 
From in situ and laboratory measurements of saturated hydraulic conductivity in 
New Zealand (Clothier and Smettem, 1990), it was concluded that the soil 
texture reflects the saturated hydraulic conductivity if there are no macropores. 
If macropores exist then hydraulic conductivity is a function of the structure. 
Cresswell et al. (1997) also cautions against a direct relationship between 
texture and hydraulic conductivity without regard to the possible effect from 
macropore flow. Sharma et al. (1987) combined bulk density measurements 
with soil texture, to approximate the saturated hydraulic conductivity and soil 
sorptivity in the Collie Catchment, Western Australia. They found a reasonable 
approximation for plots 1 00m by 150m, but concluded that the method was 
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limited. In another study a useful estimate of saturated hydraulic conductivity 
was possible from soil field textures, grade structure, areal porosity, dispersion 
index, and horizon type (McKenzie and Jacquier, 1997). 
2.6 Subsurface Lateral Flow in Australia 
Research on SLF in Australia has been limited. That which has been conducted 
has found that SLF does not account for a significant proportion of rainfall. 
Research in the Salmon Catchment, Western Australia, found SLF contributed 
. between 60% and 95% of streamflow, or accounted for 7% to 10.5% of rainfall 
(Turner et al., 1987). This was calculated in a natural forest catchment where 
the soils ~ere gravely Sandy Laterites and Yellow Chromosols (Isbell, 2002, 
1996). The study area had a 20% gradient, and the mean annual rainfall was 
1123mm. 
The largest average annual SLF reported in the literature for southern Australia 
was 19°/o of rainfall (George and Conacher, 1993). In winter the average SLF 
was 35% of rainfall, while in summer it was only 3%. The soils at this site were 
also Chromosols, and the slope a 500m concave form, where the slopes ranged 
from 3.6% to 4.6%. At the bottom of the catchment was a saline seep. In winter 
the peizometric pressure of the watertable at the seep was up to 1.5m above 
the ground. It is likely that the watertable was a source of water for SLF, as for 
one event the volume of SLF exceeded the rainfall by 50%. This shows that the 
presence of a watertable can increase the volume of SLF, and a watertable is 
an important criterion that can be used when assessing a hillslope for tree belt 
plantations. However, permanent and significant watertables are more likely to 
occur in the discharge zone at the bottom of the hillslope. The planting of trees 
in a discharge zone with a shallow watertable can be constrained by the salinity 
of the water and oxygen available to the tree roots. 
In the Adelaide Hills, South Australia, studies (Flemming and Cox, 1998; Cox 
and Ashley, 2000) have measured the SLF. The soils in the area are texture · 
contrast soils consisting mainly of Chromosols, Dermosols, and Sodosols, and 
the hillslopes are undulating to steep. In the Keynes catchment, less than 2.3% 
of the rainfall, or 7mm, moved as SLF (Cox and Ashley, 2000). In the same 
catchment Pitman et al. (1998; as noted in Cox and Ashley, 2000), measured 
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the hydrological flow paths in fifteen 50m by 50m plots. They found that in years 
of average or below average rainfall, up to 8% of the annual rainfall became 
SLF. At the Flaxley Agricultural Centre in South Australia, in similar soil types, 
SLF was less than 1.2°/o of the annual rainfall (631 mm) (Flemming and Cox, 
1998). 
Another study near Mount Bold reservoir, South Australia, found SLF through 
the A horizon ranged from 0% to 2% of event rainfall (Smettem et al., 1991 ). 
Macropores played a significant role in moving water subsurface. Vertical 
macropores were responsible for rapidly moving rainfall down to the bedrock, 
where it moved laterally into collection troughs. Flow through the C horizon on 
top of the bedrock ranged from 0% to 7% of the rainfall. Overland flow at the 
site ranged from 0% to 13% of event rainfall, and was dominantly saturation 
excess surface runoff. 
In a pasture trial near Book Book, New South Wales, the water in different 
hydrological flow paths was measured in paddocks 30m by 45m, growing 
perennial and annual pasture (Heng et al., 2001, White et al., 2000). The 
topography at the site was described as undulating, and the soils were duplex 
ranging from acidic Red Kurosols to Sodosols (Isbell, 2002). In a year where 
annual rainfall was 697mm, SLF ranged from 9-10% for the differenftreatments, 
and in a year when annual rainfall was 666mm, SLF ranged from 2-3.5%. When 
the annual rainfall was 205mm and 267mm no SLF was recorded. 
This literature research shows that SLF accounts for 0% to 19% of the annual 
rainfall in Southern Australia, however including only rain fed SLF, the 
maximum SLF was 10% of rainfall (Heng et al., 2001 ). In millimetres the range 
from 118mm (Turner et al., 1987) to only 2mm when SLF was recorded (White 
et al, 2000). This variation in SLF highlights the importance of being able to 
identify areas that have significant flow, and the potential to be able to support 
and benefit from a BOS plantation. Western et al. (1999) have shown a 
correlation between the formation of wetness patterns and the dominance of 
SLF, indicating a potential to estimate the occurrence of SLF. 
2.7 Tree Belt Plantations in Australia 
With the increasing push to reintroduce trees into the landscape, the planting of 
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tree belts is an attractive option for farmers because it offers the potential to 
"improve the commercial viability and environmental sustainability'' of Australia's 
agricultural landscapes (Clifton and Miles, 1998: 1 ). The size of these 
plantations is considered advantageous because they take less land out of 
agricultural production compared to other farm forestry designs such as block 
plantations. But in a study in Western Australia, tree strips planted at a density 
of 1 000stems/ha and covering from 8% to 15% of the cleared catchment did not 
lower the watertable {Bell et al., 1990). The failure was attributed to the tree 
strips covering too small an area. 
Tree belt plantations were found to have a negative impact on the livestock 
productivity in a study (Sanford et al., 2003) in Western Australia. It was 
concluded that with tree belt plantations the productivity of the adjacent annual 
pasture was decreased due to competition, and therefore the livestock 
productivity dropped from having tree belt plantations in the farming system. But 
the impact from a decrease in livestock productivity must be compared with the 
benefits from an increase in water harvesting and a decrease in waterlogging. 
This study also found that the effect was less when the pasture consisted of 
perennial species, so the decrease in livestock productivity could be minimised 
by growing a perennial pasture. 
Research has identified that the location of plantations can influence their 
effectiveness in reducing groundwater levels and waterlogging. A catchment in 
the lower Hotham Valley, Western Australia, contained two small eucalypt 
plantations, totalling 11 % of the catchment. One plantation in the bottom of the 
catchment at the discharge site was effective in lowering the groundwater level 
0.5 m (Greenwood et al., 1992). A similar plantation on the upper slope had no 
influence on the groundwater. George (1990) found a eucalyptus plantation 
covering less than 1 % of the catchment, planted 50 m upslope of a saline seep, 
reduced the watertable by up to 1 m in three years. Two other field sites in this 
study at Dryandra and Popanyinning, Western Australia, showed that 
plantations covering 16% and 12% of the respective catchments located at the 
edge of a seep were not effective in controlling the seepage (Greenwood et al., 
1994; 1995). This was in part attributed to the trees being located where the 
. main groundwater aquifer was confined. The trees were unable to access the 
key water source for the seep. 
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Similar conclusions were made in another study in Western Australia (Hatton et 
al., 2002). It was found that surface runoff was accumulating and infiltrating 
above a particular tree plantation, and then moving laterally below the tree 
rooting depth. Thus the tree had only a local impact on the site hydrology and 
the inherent site properties (soil hydraulics, topography and surface dams) had 
a dominant effect on water redistribution. 
Model simulation has been used to investigate the importance of the location of 
a 30m wide tree belt down a 600m hillslope to optimise tree water use 
(Silberstein et al., 2002b ). In this study other site characteristics such as the 
topography, climate and soil type were varied: The further down a hillslope the 
tree belt, the greater the upslope catchment area, and therefore the more runoff 
water for the trees. Of coarse this is only an important siting consideration if 
significant SLF occurs. In this study the location of the tree belt became 
increasingly important with an increase in the annual rainfall. On concave 
hillslopes when annual rainfall was high, if the tree belt was too far beyond the 
BOS waterlogging restricted the water use by the trees. Tree water use 
increased with soil depth, because there was a greater soil water store to be 
accessed by the trees, and deeper soils are less likely to become waterlogged 
and thus stress the plants. It was also noted that seasonality could affect tree 
growth and soil water use. Winter dominant rainfall may not be utilised if the 
evaporation demand is low, so even if trees can access excess water, they do 
not use as much of it because the transpiration rates are lower. 
On the iUcarro' farm near Katanning, Western Australia, tree belts were able to 
utilise the groundwater flow (White et al., 2002). The topography was described 
as undulating, ·and ranged from 300m to 400m· elevation. The soils were 
typically shallow yellow duplex developed from granite, which sat on kaolinitic 
clays and weathered granite up to 30m deep. Two lateral flow paths for water 
existed, a shallow perched system on the B horizon, and a deeper permanent 
system that was present at 4m to 6m (Hodgson et al., 2002). At this site several 
tree belts, 8m wide and 200m apart, were planted downslope of runoff 
interceptor drains. A total of 4% of the paddock was planted with trees. At the 
time of measurement the tree belts, a mix of E. camaldulensis, E. saligna, E. 
leucoxylon, and E. platypus, were 12 years old. Rainfall for the measurement 
period was 445mm. The tree covered area used 595mm (440mm transpiration, 
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100mm interception, and 55mm soil evaporation). From the same study White 
et al. (2002: 133) stated "This study confirms that where groundwater is 
accessible, contour-planted belts of trees are an effective means of reducing 
groundwater recharge with minimal tree-crop competition for water''. 
BOS plantations are a specific design of tree belt located across a hillslope at 
the topographic BOS. They were developed as a means of intercepting lateral 
water movement down a hillslope before it reaches the low-lying areas where 
waterlogging and salinity can occur (Clifton and Miles, 1998). They are located 
at the BOS because that's where the soil is most likely to be its shallowest, and 
therefore the trees can more easily access any SLF. 
Field measurements on two, five-year-old BOS tree belts near Warrenbayne, . 
Victoria, found that the trees substantially reduced recharge to the groundwater 
system, and in places had intercepted the SLF and dewatered the colluvial 
aquifer (Clifton and Miles, 1998). The soils at the BOS were yellow duplex or 
gradational, to a depth of 1 m to 1.5 m. A colluvial deposit up to 10 m deep 
existed in places, and the average rainfall was 967 mm. Calibrated water 
balance model predictions for the two field sites over the sampling period 
concluded that SLF accounted for between 0.9% and 1.1 % of the rainfall (or 
18.3mm to 22.3 mm). 
Less positive results were found after hydrological monitoring of one of the 
Warrenbayne sites was continued (McJannet, et al., 2000). At this site a tree 
belt covering approximately 24% of the hillslope was planted to treat a 
waterlogged area at the bottom. The hillslope where the trees were planted was 
600 m long, and the gradient changed from 20% to 5% down the BOS. The 
saturated hydraulic conductivity was 4cm/day and 2cm/day at depths of 1 m and 
3m below the surface, and the depth of the colluvial layer, believed to hold a · 
critical aquifer, was 1 Om under the tree belt. It was concluded that the colluvial 
aquifer was transient and did not transmit a significant volume of water down 
the slope. The waterlogging at the bottom of the hillslope was found to be a 
local perched watertable, and was not being supplied by SLF upslope of the 
trees (Silberstein et al., 2002b ). 
It was therefore argued that the initial high growth rates of the trees, reported by 
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Clifton and Miles (1998), was from the trees accessing the soil water store that 
had built up since clearing for agriculture, and not from intercepting SLF. The 
trees were only using water from the top 1 m of soil (McJannet and Vertessy, 
2001 ). Consequently the trees were limited to the soil water store and rainfall 
contributions, and were susceptible to drought stress. Once the soil water store 
had been depleted, the drought conditions in 1996 and1997 resulted in 25% 
tree mortality. 
This led to model simulation to investigate the effect of the tree belt design on 
its susceptibility to drought (Silberstein et al., 2002b ). They found that if the tree 
belt was broken into four thinner belts, but with the same total area as the single 
belt, then the trees would have generated more wood, and fewer trees would 
have been lost due to the drought stress (Silberstein et al., 2002b ). It was also 
concluded that the tree density, at 1100 stems per hectare, was too high for an 
area that experiences drought periods. Field research on the effects of thinning 
this plantation found that a decrease in density to as few as 400 stems/ha had a · 
positive effect on the drought mortality, without a significant reduction in the 
evapotranspiration (McJannet and Vertessy, 2001 ). 
It has been remarked that tree plantations are most effective when they are 
located in the appropriate location for the hydrogeological landscape (Farrington 
and Salama, 1996). But tools are not provided for non-specialist people to 
identify the appropriate plantation design for their site. Others have produced 
broad guidelines for locating tree belts on hillslopes (e.g. Silberstein et al., 
2002b ). They identify excess water available for trees using an estimate of the 
difference between the annual rainfall and the likely water use by pastures. The 
likelihood of SLF is determined by the saturated hydraulic conductivity of the 
soil transmitting the water, which in turn is estimated from the soil texture. No 
reference is made to an impeding layer. It is then recommended to plant trees 
immediately upslope of any area that looks to have excess water. They also 
give a simple equation to assist in determining the tree belt width and inter belt 
spacing. One of the required inputs for the equation is the 'inter-belt area 
excess water' r, which includes recharge and overland flow. They provide a 
warning on the uncertainty associated with the inter-belt area excess water 
parameter, which needs to be recognised when designing tree belts. 
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These guidelines are useful in broad calculations for tree belt location, but the 
uncertainty related to these rules make them less applicable in the field. This 
research aims to build on the work by Silberstein et al., (2002b). That is, to 
generate a more detailed understanding that assists non-specialist people to 
efficiently assess the suitability of a hillslope for a tree belt plantation. 
2.8 Chapter Summary 
There are several flow paths for water on a hillslope. Rainfall can move laterally 
as surface runoff, SLF, or baseflow, or be returned back to the atmosphere by 
evapotranspiration._ The importance of each type of flow path varies between 
hillslopes. 
Rainfall, soil hydraulic conductivity, soil water storage capacity and topography 
are important in generating SLF. However, the interaction between them is 
complex and the importance of each can vary with specific sites and situations. 
Hydraulic conductivity (Whipkey and Kirkby, 1978) and the presence of an 
impermeable layer (Weyman, 1973) have been noted for their crucial 
importance in initiating SLF. Topography can also override the effect of soil 
horizonation (Ham.mermeister et al., 1982), and geological and groundwater 
influences may dominate over topographic effects too (Huff et al., 1982, 
Genereux et al., 1993 ). 
"Soil morphology ... can explain and/or predict soil water dynamics" (Wysocki et 
al., 2000:E-19). Because SLF is most significant in saturated conditions, and 
soil water has a strong influence over soil morphology, some soil properties 
have the potential to indicate the occurrence of SLF. However morphological 
features may be a relict of past saturation periods (Khan and Fenton, 1994) or 
there may be a lag period between the current hydrological conditions and the 
morphological response. Therefore morphological features should not be used 
independently as an indicator of water flow (Daniels et al., 1987), but need to be 
supported by knowledge of the landscape position, soil physical properties and 
groundwater hydrology (Khan and Fenton, 1994 ). 
There have not been extensive measurements made on the occurrence of SLF 
in _Australia, but research to date has found that no more than 10% of the 
rainfall moves as SLF. This ranges from 118mm (Turner et al., 1987) to only 
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6mm (Flemming and Cox, 1998). With an additional water source from a rising 
watertable, SLF can be as high as 35% of rainfall (George and Conacher, 
1993). The variation of SLF occurrence highlights the importance of being able 
to locate sites that have significant SLF and therefore increase the probability of 
success of tree belt plantations designed to utilise this type of flow. 
Tree belt plantations have experienced various degrees of success throughout 
Australia. Measurement on many thin tree belts down a single hillslope in 
Western Australia led to the conclusion that when trees can access the 
groundwater they will use it, and assist in the reduction of groundwater recharge 
(White et al., 2002). Conversely, other research (Greenwood et al., 1992; 1994; 
1995) found tree plantations have not been successful in reducing waterlogging 
because they were not located in the appropriate place to access a confined 
aquifer. Tree belt plantations have also been unsuccessful where there was not 
a significant volume of SLF, so trees were reliant on the rainfall and thus 
suffered mortality from water stress during drought conditions (McJannet and 
· Vertessy, 2001; McJannet et al., 2000). 
The question therefore remains as to how to locate sites that have a significant 
volume of SLF, and where on those hillslopes trees should be planted to access 
it. General guidelines have been produced (Silberstein et al., 2002b) to design. 
tree belt plantations but this thesis aims to develop a better understanding of 
the occurrence of lateral flow (surface runoff plus SLF) in southeast Australia, 
and thereby initiate the development of a more detailed set of guidelines that 
can be used by non-specialist people to locate tree belt plantations. · 
In the next chapter a field site in southeast Australia is selected for 
instrumentation to investigate the occurrence of lateral flow (surface runoff and 
SLF). A brief description of the field site and the sampling and monitoring 
methods are presented. 
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Chapter 3 Introduction to Field Site and Methods of 
Field Measurement 
Chapter 2 illustrated the requirement for research into the occurrence of lateral 
flow (surface runoff and Subsurface Lateral Flow (SLF)) in southeast Australia, 
to be able to assist in locating tree belt plantations. This chapter introduces a 
site selected for detailed field measurement of hillslope hydrological response. It 
describes the physical and hydrological characteristics of Billabong Creek 
Catchment, the focus region for this study. The criteria used to select a field site 
within Billabong Creek Catchment are presented, and then the site is introduced 
with a general description of topography, vegetation and soils. 
Next the methods used to quantify the topography and soil hydrological, 
physical and chemical properties at the field site are presented. Finally, the 
measurement techniques used to monitor the hydrology at the field site are 
described. The calibration method of the field equipment is also given. 
3.1 Description of Billabong Creek Catchment 
The Upper Billabong Creek catchment, containing the township of Holbrook 
(35° 43'S; 147° 19'E), drains more than 300 000 ha of southern NSW, Australia 
(Figure 3.1 ). It consists of mountainous terrain in the east, grading to gentle 
slopes and flood plains in the west. The bedrock is mainly sedimentary, with 
some granite intrusions and quaternary deposits. The soil types include 
Rudosols and Tenosols on the upper slopes and crests, Chromosols and 
Kandosols on the mid to lower slopes, and Sodosols and Alluvium on the plains 
(Isbell, 2002; Heartlands, 2003). Large areas of wind-blown salt and clay, 
known as parna (Butler, 1956), have been identified over much of the lower 
slopes and plains (McPherson, pers. comm., 2003). 
3.1.1 Climate 
The climate is warm, moist and temperate. Summer temperatures range from 
15°C to 31 °C and winter temperatures from 2°C to 13°C (Upper Billabong Land 
and Water Management Plan Working Group, 1999). The average annual 
rainfall ranges from 600mm in the west, to over 1000mm in the mountains in the 
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east (Woodward-Clyde, 1999). The rainfall is slightly winter-dominant. Based on 
data from the Holbrook Post Office, the average annual rainfall from 1889 until 
2003 was 695mm (Queensland Department of Natural Resources, 2003), and 
on average, evaporation exceeds rainfall for 8 months of the year (Figure 3.2). 
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Figure 3.1 Location of Holbrook in the Billabong Creek Catchment (shaded area), in New South Wales. 
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Figure 3.2 Average monthly rainfall and Class A pan evaporation measured at the Holbrook Post Office from 1889 till 2003 (Queensland Department of Natural Resources, 2003). 
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3.1.2 Vegetation 
· Before widespread clearing, the dominant vegetation cover in the catchment 
was grassy box woodland with areas of dry foothill forest and riverine forest 
woodland (Heartlands, 2003). Acacia dealbata (Silver wattle) is a common tree 
species. Other tree species included Eucalyptus blakelyi (Blakely's red gum), 
Eucalyptus bridgesiana (Apple Box), Eucalyptus melliodora (Yellow box) and 
Eucalyptus polyanthemos (Red box) on the lower slopes, with Eucalyptus 
macrorhyncha (Red stringybark) and Eucalyptus dives (Broad-leaved 
peppermint) on the hills. Shrub species included Leptospermum continentale 
(Prickly tea-tree) and Acacia rubida (Red-stemmed wattle). The native grasses 
were Austrodanthonia species (Wallaby grass), Microleana stipoides (Weeping 
grass) and Themeda triandra (Kangaroo grass). Since European settlement 
vast areas of land have been cleared for agricultural production. In the east of 
the catchment land use is dominantly cattle and sheep grazing, and in the west 
the majority of land is used for broad-acre cropping. 
3.1.3 Salinity in the Billabong Creek and its catchment 
Billabong Creek flows into the Murray River at Moulamein via the Edward River 
anabranch. The Murray River, when joined by the Darling River, forms 
Australia's largest drainage basin, which drains to the sea at Adelaide. 
Deposits of aeolian clay and other material have been identified in the Billabong 
Creek Catchment, and have contributed to concentrations of salt and fine Clay 
into the region (Heartlands, 2003). The parna has contributed to poor drainage 
in some flood plains, and identified as a salt store. 
Both dryland and stream salinity have been reported in the Billabong Creek 
Catchment. In 2001 less than 1 % of the Billabong Creek Catchment was 
interpreted to have dryland salinity at the surface (Baker et al., 2001 ), but at the 
current groundwater recharge rate, it was predicted that by the year 2050 the 
regional watertable would significantly rise. By then it is expected to be at the 
surface at both the breaks of slope in the east of the catchment, and on the 
plains in the west. The rise in the watertable will increase waterlogging in the 
region. It is believed that the water will be .reasonably fresh, so the area affected 
by dryland salinity will not exceed 2% of the catchment. Baker et al. ·(2001) 
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concluded that the salt load in the surface flows was notable, but the salinity 
problem in the Billabong Creek Catchment had only a small impact on the 
health of the Murray River at its outlet to the sea near Adelaide, South Australia. 
Another recent study of stream salinity in the Murray-Darling Basin found that in 
the rainfall zone of 500-800mm in the. South Eastern Dryland Region, which 
included the Billabong Creek Catchment, stream salinity trends were significant 
and rising (Jolly et al., 2001 ). In fact Billabong Creek at Walbundrie had a mean 
salinity level of 1300µS cm-1, with an increasing trend of 59.8µS cm-1yea(1. This 
was the third highest salinity level measured in that study. The authors' note 
that the quality of the data used for the research was variable, so only broad 
trends should be considered. Jolly et al. (2001 :60) concluded, "it is clear that 
future management and mitigation works will need to focus on this [South 
Eastern Ory/and] region if stream salinisation across the entire Murray-Darling 
Basin is to be controlled and re mediated". 
3.1.4 The catchment hydrological model 
The National Classification of Catchments for Land and River Salinity Control 
(Coram, 1998), classes the Billabong Creek Catchment as an intermediate type 
(II) drainage basin. It was found that the groundwater flows through the Lachlan 
and Cowra regolith formations from the highland areas in the east to the flats in 
the west (Baker et al., 2001 ). The aquifer moving on top of the Cowra Formation 
is saline when it flows into the Billabong Creek in the ·west of the catchment 
(Baker et al., 2001 ). At a local scale, areas of waterlogging and salinity have 
been identified at the breaks of slope in the upper catchment. These have been 
attributed to local groundwater discharge through fractures and joints in the 
granite bedrock. Tree plantations on these types of slopes, and those at risk of 
waterlogging in the future, have a high potential to use this excess water arid 
reduce waterlogging and salinity. Identifying these hillslopes and planting before 
they express unfavourable conditions on the surface would assist the local 
landowners to decrease waterlogging and salinity. 
3.1.5 Revegetation work in the Billabong Creek Catchment 
In the Billabong Creek Catchment there is a lot of interest in revegetating the 
region. Several Landcare and Catchment Management Groups, in conjunction 
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with the former NSW Department of Land and Water Conservation, developed 
Water Management Plans and began revegetation works. The catchment is 
also a focus region for the 'Heartlands' initiative conducted by the Murray-
Darling-Basin-Commission and CSIRO. This project aims to reintroduce 
perennial vegetation into the agricultural landscape in a way that is 
economically viable and provides hydrological benefit (Heartlands Core Group, 
2001 ). 
Currently tree belt plantation sites are identified from evidence of waterlogging 
or salinity on footslopes. The trees are then located according to surface 
topography. As already discussed in Chapters 1 and 2, these are not always 
. adequate criteria to identify the best location of a plantation. In addition, it is 
desirable to plant a minimal area with trees while achieving hydrological gain 
from the plantations. Thus with appropriate knowledge of the site hydrology, 
plantations can be located so both economic benefit and water use potential are 
· enhanced. Detailed information on the hydrological processes is required to 
optimally target the plantation. 
3.1.6 Characteristics of Billabong Creek Catchment that make it 
an appropriate study area 
Currently salinity and waterlogging are not a major threat to the agricultural 
productivity and water quality in the Billabong Creek Catchment. The catchment 
supports hundreds of people in the townships of Holbrook and Culcairn, and the 
surrounding rural districts, and also containing a considerable length of the 
National H~me Highway. Problems with salinity, waterlogging and the 
associated water quality could cost both local and national governments if it 
became a major problem in the catchment. Work to. prevent these problems will 
benefit the region. 
The landscapes containing the Billabong Creek Catchment are typical of those 
found throughout the southwest slopes and plains of NSW and Victoria. The 
issues facing the catchment, such as salinity, waterlogging, and decreasing 
biodiversity, are also common in much of the wider region of southeast 
Australia. Therefore research findings have the potential to be transferred to a 
larger area of Australia. 
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While there is an established local and national interest in the revegetation of 
the Billabong Creek Catchment, and revegetation of the catchment has begun, 
more hydrological information is required to efficiently locate tree plantations. 
Waterlogging and salinity have been identified at the breaks-of-slope in the 
upper Catchment, and the number of hillslopes affected is predicted to increase. 
Planting trees on these areas has a high potential to use the excess water, and 
therefore limit the loss of land to salinity and waterlogging. There is not 
adequate information on how to identify sites suitable for break-of-slope (BOS) 
plantations. Therefore the Upper Billabong Creek Catchment was chosen as 
representative for a field investigation into hillslope hydrology, and how to 
predict which sites are suitable for this type of tree plantation. 
3.2 Field Site Selection for Measurement of Hillslope 
Hydrology 
In order to discover which slopes are going to experience significant SLF we 
need to know: 
the hillslope characteristics required to generate _lateral flow (surface runoff plus 
SLF), 
where in the regolith the SLF is likely to occur, 
how much water moves down those paths, and 
the duration of the flow. 
Research was being carried out in the Ten Mile Creek Catchment, which is 
within the Billabong Creek Catchment and joins the Billabong creek from the 
east Ralvona (Figure 3.3, Heartlands, 2003). That study aimed to undertake a 
catchment scale assessment of the local hydrology. To compliment that study, 
this research was also carried out in the Ten Mile Creek Catchment. -
It was important to select the field site to maximize the potential for SLF. It was 
decided to conduct the field investigation on a site with granite bedrock, which 
was therefore likely" to express waterlogging at the BOS as identified by Baker 
et al. (2001 ). This confined the study site to the east of the Billabong Creek 
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Figure 3.3 Location of the Ten Mile Creek Catchment in the upper Billabong Creek Catchment, and the location of the research site. All but the bottom right hand corner of the map is in the Billabong Creek catchment (Source: Heartlands, 2003) 
Catchment. 
It was important that the field site contained steep slopes, an impeding layer 
and received a high rainfall, as these characteristics are important in generating 
SLF (see Section 2.4). Bleached soil horizons, manganese and iron concretions 
in the soil, as evidence of saturation, are also good indicators that SLF may 
occur (Section 2.5). Logistical factors in field site selection included permission 
from the landowner to install and monitor equipment and easy access to the 
field site in all weather conditions. 
Using these criteria several potential sites in the Ten Mile Creek Catchment 
were identified and visited. A reconnaissance soil survey at each site was 
conducted looking for the indicator soil properties and an appropriate field site 
was subsequently selected. It is briefly described below. 
3.3 General Field Site Description 
The study catchment is located on the property "Annandale South" , which 
borders the Woomargama State F crest. The State F crest is located on a 
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mountain range, the edge of the Great Dividing Range. A deep saddle between 
the mountain range and the monitored hillslope indicates that the hydrological 
systems are not connected. The study catchment drains into the junction of 
Reddalls and Devils Creeks, first order streams of the Ten Mile Creek 
Catchment (Figure 3.3). 
To clarify future terminology, the study catchment refers to the whole hillslope 
selected for .the field investigation. The runoff collection area is a subcatchment 
within the study catchment that was more intensively sampled, and as the name 
· indicates, was the area from which surface and subsurface runoff was collected. 
See Figure 3.9 for a diagrammatic explanation. The hillslope runoff collection 
area covers 2.9 ha, centred at 35°49'41 "S, 146° 21' 27"E. Sv:cz- 1 -' \"r()r-c. 
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The study catchment had been cleared for grazing. The pasture mainly 
consisted of annual species including Lolium multiflorum (Ryegrass ), Echium 
plantagineum (Paterson's Curse), and Xantium spinosum (Bathurst Burr). There 
are also scattered native perennial grasses such as Themeda triandra 
(Kangaroo Grass). Eucalyptus species, including Eucalyptus mel/iodora (Yellow 
Box); Eucalyptus microcarpas (Grey Box), Eucalyptus Albens (White Box), and 
Brachychiton popleus (Kurrajong), are scattered on the hillslope, with two 
Eucalyptus microcarpas in the measurement site. 
Soil pugging from cattle at the foot of the slope indicated that seasonal 
waterlogging occurs in the area. Two seepage areas are observed. One occurs 
seasonally on the Midslope. The other is on the lower slopes, and according to · 
farmer observation, is wet for up to 8 months in an average rainfall year. 
The landowner has several tree plantings already established in order to treat 
waterlogging and streambank erosion on the farm. To treat severe waterlogging 
on the flats around the junction of Reddalls and Devils Creeks, he planted 
Eucalyptus saligna (Sydney Blue Gum) and Acacia melanoxylon (Blackwood) in 
a belt across the monitored hillslope. The tree belt, planted in .1993, covered 
approximately 1.6ha of the study catchment. A block 7 4m long and 50m wide 
(0.21 ha) is within the runoff collection area. 
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3.4 Methods for Site Characterisation 
A detailed description of the field site is required in order to analyse the 
hydrological flow paths and identify any correlation between the soil properties 
and the occurrence of SLF. The detailed topography is described by generating 
a high resolution Digital Elevation Model (DEM). Many soil physical, chemical 
and hydrological properties are also required. Presented below are the methods 
used to obtain this information for the study site. 
3.4.1 Creating a digital elevation model 
In order to plan and analyse hydrological flow paths and drainage, accurate 
topographical information was gathered. A detailed DEM was developed for the 
site, using a Trimble 4800 Global Positioning System._ The survey covered 
36.5ha, and gave results within centimetres of the true latitude, longitude and 
elevation. 
The survey design consisted of transects along the hillslope contours, with a 
horizontal interval of approximately 20m. Care was taken to walk beyond the 
boundary ridges so the DEM could be used to more accurately determine the 
ridgelines. The· observable drainage depressions, ridgelines, landslips, rock 
faces and any other notable features were also surveyed. On the lower slopes 
the topography was less complicated, so the survey points were less dense (at 
approximately 30m horizontal intervals). Again it was made certain that the 
ridges and drainage lines were measured. When the subcatchment within the 
already surveyed hillslope was selected for the detailed monitoring, it was 
surveyed again at a finer scale (5m horizontal intervals). 
~or these data to be accurately integrated into larger catchment OEM's, the 
survey had to be calibrated to a known survey trigonometry station. With the 
Coocock Trigonometry Station co-ordinates supplied by the Land and Property 
Information NSW organization, (GDA94: Latitude -35° 42' 05.35492';, Longitude 
14 7° 23' 18.26396", Elevation 648.88m) an accurate location of the site was 
obtained. The data was manipulated using ArcView G/S for Windows, version 
3.2. 
The hillslope was generally planar and continuous well-defined ridge and 
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drainage lines were hard to view by eye. This made it difficult to determine the 
subcatchment boundary, so both field observation and the DEM analysis were 
used to define it. The subcatchment boundary on the flat topography below the 
tree belt was significantly harder to determine by either method, so black plastic 
was trenched into the ground from the surface into the 82 horizon in order to set 
a definite boundary. 
3.4.2 Attributes of the field site soils 
A detailed description of the field site soil stratigraphy was required to assist in 
understanding the hillslope processes. It also· enabled an investigation into the 
potential of soil physical, chemical and hydrological properties as indicators of 
significant SLF. Several soil profile descriptions were completed to generate an 
understanding of the soil horizons and profiles, and this was complimented with 
measurements of hydraulic conductivity, the soil water characteristic, bulk 
density and particle size analysis (PSA). The chemical analysis included 
measurement of pH, electrical conductivity, exchangeable cations, and cation 
exchange capacity (CEC). 
Two methods were used to measure the hydraulic conductivity in situ, as 
described below. For other soil attributes, samples were taken from the field 
using one of four methods and then analysed in the laboratory. The sample 
techniques are given and the methods used to determine the soil properties are 
discussed. For the measurement of many physical and hydrological properties a 
0.01 Molar calcium chloride (CaC'2) solution was used, instead of distilled 
water, to limit the dispersion of the soil sample. 
3.4.2.1 In-situ measurement of hydraulic conductivity 
Hydraulic conductivity influences the drainage of water within and between soil 
horizons, and therefore affects the occurrence of SLF (Section 2.4.1 ). It is 
difficult to measure because of its inherent spatial variability, and the value is 
strongly influenced by the method of measurement (Anderson and Bouma, 
1973; Anderson and Cassel, 1986; Williams and Bonell, 1988; Lauren et al., 
1988; Davis et al., 1999). 
The in situ measurement of soil properties has an advantage over laboratory 
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measurements because it samples a larger volume of soil and limits 
disturbance to the sample (Anderson and Bouma, 1973; Davis et al., 1999). In 
situ measurements are particularly valuable for saturated hydraulic conductivity 
estimates because small samples can be significantly altered by a bias, 
inclusion or exclusion of macropores (Anderson and Bouma, 1973; Clothier and 
Smettem, 1990; Paige and Hillel, 1993). With the equipment available itwould 
be difficult to collect intact soil cores to measure some soil profiles from deep in 
the soil profile because it requires excavation pits to extract the sample. 
Therefore two different in situ methods were used to measure the hydraulic 
conductivity of the deeper soil horizons at the · study site. 
3.4.2.1.A Well permeameter 
The well permeameter was used to measure the in situ saturated hydraulic 
conductivity of the B2 horizon at 24 locations across and down the hillslope. 
The ·samples were all located within the monitored site and they were 
distributed so that an even number of samples was taken to represent the 
. different hillslope areas. The well permeameter was chosen because it is 
lightweight and could be easily transported over the whole hillslope. The well 
permeameter method (Figure 3.4) used for this research is that described by 
Mackenzie (2002) . . 
Holes were augered so that the depth within each desired horizon was at least 
10 times the radius of each hole. In this work, the radius of each hole was 
typically 3cm, so the depth of the hole into the B2 horizon was at least 30cm. 
The auger holes were dug and left to dry out overnight. The next day, a wire 
brush was used to flake off any smeared crust to remove smearing created by 
augering moist soil, which affects the conductivity value. A depth clamp was 
placed on the permeameter so that the distance between the bottom of the tube 
and the bottom of the whole was 10 times the radius (i.e. Figure 3.4, H = 1 Or). 
The hole was then filled with 0.01 M CaCl2 solution until a 30cm deep pool 
.formed in the bottom of the hole. As the pooled water drained into the soil, the 
depth of the water in the hole was kept constant from water in the tube. By 
timing the throughflow of water from the permeameter, the rate of flow was 
calculated. If a restrictive layer, or watertable, was present within 60cm (2 x H) 
of the bottom of the hole, Equation 3.1 was used. Otherwise, Equation 3.2 was 
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used to calculate the saturated hydraulic conductivity. 
Ksat = 1.6( 3q X ln(/3) J l TTH(3H + 2S) 
Ksat = 1 ·6q 
TTH2 
3.1 
3.2 
Here, Ksat is the saturated hydraulic conductivity in mm/hr, q is the measured 
flux in mm/hr, and His the depth of saturation in the auger hole (mm), j3 is H/r, 
where r is the radius of the hole and S is the depth from the bottom of the hole 
to the restrictive layer in mm. 
depth 
clamp 
• tap 
Inner plastic tube 
B:14--- Outer plastic tube 
Figure 3.4 Diagram of the well permeameter (Adapted from MacKenzie 2002:132) 
3.4.2. 1.B Bail method 
The bail method was used to estimate the saturated hydraulic conductivity in 
the deepest soil horizons (6m below the surface), because it was not practical 
to take soil cores or use the well permeameter at this depth (Freeze and Cherry, 
1979). It was used in the piezometers with permanent watertables (piezometers 
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P706 and P806, see Figure 3.9). In this method water is bailed or pumped from 
the piezometer. The rate at which it returns to equilibrium determines the 
saturated hydraulic conductivity. Water is pumped from the piezometers, using 
a DAT AFLOW capacitance probe logging every 2 minutes. The flow rate back 
into the hole can be measured and used to estimate the saturated hydraulic 
conductivity using (Equation 3.3). 
Ksat = r
2 
X ln(L/r) 
2 x L x To 3.3 
where Ksat is the saturated hydraulic conductivity (mm/hr), r is radius of the 
piezometer, L is the slotted length of the piezometer, and To is the time it would 
take for the watertable to return to equilibrium if the initial flow rate was 
maintained for the whole flux period. 
3.4.2.2 Soil sample collection techniques 
Soil samples were collected using four techniques. These were continuous 
deep cores up to approximately 6m obtained with a 'Praline' drill rrg, 
discontinuous hand auger samples taken at up to 2m depth, and large and 
small soil cores taken up to 1 m depth. The different methods were used to take 
different numbers of samples from various depths, because it was not feasible 
to use the same method for sampling across the whole site. 
3.4.2.2.A Drill rig soil core samples 
Intact soil cores were taken using a drill rig to a depth of up to 7.5m, or to 
bedrock if it was less than 7 .5m below the ground surface. Thirteen soil cores 
were taken along several transects down and across the runoff collection area, 
and a further three samples were taken from the lower slopes. Six samples 
reached bedrock. Measurements were not taken in a grid, but were strategically 
. located at positions thought to be most instructive in determining soil 
distribution. For example, samples were taken above and below rapid changes 
in the hillslope gradient, because the change in gradient may initiate or 
dissipate the formation of a soil horizon, or change the properties of a 
continuing horizon. The samples were taken in 1 m lengths of aluminium tubing. 
Once the sample was in the tube, it was brought to the surface and pushed, still 
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intact, onto a PVC tray. It was then bagged, the top and bottom of the core 
labelled, and transported back to the laboratory. 
3.4.2.2.B Hand augered samples 
When it was not practical to take samples with the drill rig, samples were 
· augered by hand. These samples were taken by frequently bagging the soil that 
was collected within the auger head at increasing depth. The depth of the 
sample was measured with a metal tape down the hole. Hand auger samples 
are easily taken in most locations, although sandy samples can be difficult to 
extract from the hole, and augering is difficult when rocks are present. Augering 
disturbs the soil structure, so the samples are not appropriate for physical 
testing. 
3.4.2.2.C Small soil core samples 
Small, undisturbed core samples (9.7cm diameter, 7.5cm deep) were taken 
from the A2 horizon across and down the hillslope, using the integral sampling 
technique for undisturbed cores (Mel ntyre, 197 4 ). This method was chosen 
because it is quick and easy for near surface horizons, and is completely 
manual, so the areas inaccessible to machinery could still be sampled. The 
samples were taken within 1 m of the well permeameter measurements (Section 
3.4.2.1.A). This enabled comparison of A and 82 horizon hydraulic conductivity, 
and how these relate to one another down the slope. It is important to note that 
the measurement technique affects the measured value, so a direct comparison 
between the absolute values has an inherent difference due to the 
measurement method. 
Small cores for the calibration of the neutron moisture meter were also taken 
using this method, by sampling at interval depths up to 1 m. This is discussed 
further in Section 3.5.5.1. 
Small core samples were taken by removing the surface soil with a spade to 
expose the top of the desired horizon, or depth. Care was taken to level the 
surface to horizontal, checked with a spirit level, to ensure that the soil core was 
inserted vertically. A lubricated metal sleeve, to house the soil core, was placed 
on the soil with a spacer (2.5 cm deep metal cylinder of same diameter as the 
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core) on top. The sleeve and spacer were pushed into the soil using a Tanner 
sampler with a drop-hammer (McIntyre and Barrow 1972). The spacer was 
used to enable the sleeve to be driven completely into the soil so that there was 
excess soil out the top. The sleeve containing the intact soil core was dug out, 
the spacer removed, and carefully trimmed. The core was then packed and 
transported back to the laboratory for analysis. 
3.4.2.2.D Large soil core samples 
Large soil cores (25cm diameter, 20cm deep) generally provide a more 
representative sample than small cores, because they are less likely to be 
biased by the presence or absence of macropores (Davis et al., 1999). Large 
cores were collected as described by McKenzie and Jacquier (1996). Because 
of their size, an excavation pit and heavy machinery were required to collect 
them. Consequently, they are much more labourintensive to collect than 
smaller cores, so only 12 large soil cores were taken from the site. Four 
samples were collected from each of the A2, 821 and 822 horizons, at the 
bottom of the runoff collection area. This location was chosen because it was in 
the zone where SLF was believed to be most likely, so the additional 
expenditure of resources could be justified. 
The surface of the desired horizons was exposed as steps within an excavation 
pit dug by a backhoe. The steps were levelled and wetted up overnight with a 
0.01 M CaCb solution. The PVC sleeves to house the samples had a cutting 
edge slightly larger than the rest of the sleeve, to produce a slightly undersized 
core. The sleeves were laid out on each step and a pedestal, encompassing an 
area only slightly larger and deeper than each sleeve, was manually dug into 
the surface. The PVC sleeves, with a spacer on top, were held vertical in a 
slightly larger metal sleeve. They were pushed down into the soil with a 
backhoe hydraulic system. The soil pedestal enabled the excess soil around the 
core to easily fall away, and therefore limited the soil compaction within the 
core. Warm vaseline was poured in the small gap down the sides of the cores to 
hold them in place, and to prevent any preferential water flow down the sides of 
the cores during hydraulic conductivity measurement. When the vaseline had 
cooled and set, the cores were manually dug out, packed, and transported to 
the laboratory. 
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3.4.2.3 Soil sample analysis 
The Praline drill rig, hand augered samples, and the small and large cores were 
then used to determine several hydrological, physical and chemical properties 
of the major soil horizons. 
. 3.4.2.3.A Soil profile description 
Profiles were described according to the Australian Soil Classification (Isbell, 
2002). The description included features that may be critical to the occurrence 
of SLF such as the depth and thickness of horizons, field textures, structures 
and soil stability. Characteristics that have the potential to indicate soil 
saturation, discussed in Section 2.5, were also recorded. 
3.4.2.3.B Hydraulic conductivity 
To compliment the in situ measurements of saturated hydraulic conductivity 
made on the deeper horizons, the vertical saturated and unsaturated hydraulic 
conductivities were measured on both small and large cores in the laboratory. 
In a constant temperature laboratory a modified method of the constant head 
permeameter method described by McIntyre and Loveday (1974a) was used to 
determine the saturated hydraulic conductivity of the small core samples (Figure 
3.5). One key difference was that instead of sieving and repacking the soil the 
intact soil cores were used. Smettem ( 1984) notes that repacking a soil sample 
can change the connection between flow routes, and therefore produce an 
unrepresentative value. 
The cores were trimmed on the top and bottom so that the soil had an even 
contact with the adjacent surface. In this way the entire core had the potential to 
conduct water. The sleeves were measured to allow an accurate cross-
sectional area to be determined for each and the samples were placed on 
gauze plates to hold the soil intact while letting the water drain freely. Filter 
paper was placed on top of the soil core to prevent mechanical damage from 
water flow. Vacuum grease was rubbed around the top of the metal sleeve to 
ensure that it was waterproof, and a metal permeameter was attached. The 
metal permeameter was joined to a constant potential supply of 0.01 M CaC'2 
· solution. The CaC'2 solution was allowed to flow through the soil core, 
54 
Introduction to Field Site and Methods of Field Measurement 
1. Permeameter containing soil 
2. Diaphram valve 
3. Brass manifold with five outlets 
4. Mariotte tube for constant head 
5. Air inlet for Mariotte tube 
6. Inlets for refilling 5 
7. Wooden stand 
I 
h 
1 
7 
7 7 
Figure 3.5 Sketch of hydraulic conductivity apparatus (not to scale) showing the 
Mariotte tube supply system, manifold, and permeameter. (Source: McIntyre and 
Loveday,1974a: 84) 
maintaining a constant saturated potential of approximately 1.3kPa. The 
6 
. potential was accurately measured for each sample. A measuring cylinder and 
stopwatch were used to determine the time taken for a constant volume of 
solution to flow through the core. The flow was considered constant when five 
consecutive measurements were the same. This gave the flow Q (mm3), for a 
given time period t (seconds). Assuming that the volume of solution flowed out 
evenly over the bottom surface of the core, the saturated hydraulic conductivity 
Ksat was determined in millimetres per hour (mm/hr) using 
Ksat = 360 000 (Q X 1)/(A X t X h) 3.4 
Here / is the length of the core (mm), A is the cross-sectional area of the core 
(mm2), and his the hydraulic potential (or head in mm). 
The saturated hydraulic conductivity was measured on each of the large cores 
using the apparatus shown in Figure 3.6, according to the method of McKenzie 
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Figure 3.6 Apparatus for measuring saturated hydraulic conductivity on large soil cores (Source: McKenzie et al., 2002: 151 ). 
and Jacquier (1996). Each core was placed upside-down inside a plastic collar, 
and then lowered into a large plastic tub filled with 0.01 M CaC'2 solution. The 
core was then left to saturate over night. The height of the water was kept at 
approximately 20mm above the bottom (now the top) of the core using a float 
valve. After the core had equilibrated, water was removed from inside the collar 
using a vacuum to set the desired potential. This water was collected in a flask 
while a constant potential was obtained. The vacuum was then shut off, and a 
tap to a measuring cylinder was opened. When the flow rate to the cylinder was 
constant, the values were recorded. The saturated hydraulic conductivity K 
(mm/hr) was calculated using Equation 3.5. 
K = Otiz 
Ad 3.5 
where Q is the flow into the cylinder (mm3/hr), L1z is the length of sample (mm), 
A is the cross-sectional area of the core (mm2), and dis the difference between 
the height within the collar, and the height in the plastic container (mm). 
The unsaturated hydraulic conductivity on the small soil cores was determined 
using a mini infiltrometer (McKenzie et al., 2002: method 510.05) as shown in 
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Figure 3. 7 Apparatus for measuring unsaturated hydraulic conductivity on small cores 
(McKenzie et al., 2002:160) 
Figure 3. 7. A PVC cylinder filled with fine sand was placed in a bath so the 
water was 30mm from the top of the PVC. This is a sand bed with -30mm 
potential. The mini infiltrometer was calibrated at -0.3kPa potential by placing it 
in the sand bed, and adjusting the water in the side tube until the infiltrometer · 
was almost bubbling. Then the soil core, still in its metal sleeve, was placed on 
the fine sand core with a slight twisting action, to ensure a complete contact for 
the conductivity measurement. Dry fine sand was sprinkled and levelled on top 
of the soil core. The mini infiltrometer, filled with a 0.01 M CaC'2 solution, was 
placed on top of the core, again with a small twist to ensure a good contact. The 
height of the solution in the side tube of the infiltrometer was calibrated to 
-0.3kPa potential, and the water in the sand bath was 30mm from the top of the 
sand core. The potential on the soil core sample was therefore -0.3kPa, and 
the hydraulic gradient was one. The drop in the height of the water in the main 
tube was timed until it was constant (i.e. five consecutive measurements were 
the same). The unsaturated hydraulic conductivity at -0.3kPa potential (K(30)) · 
was calculated in mm/hr using 
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3.6 
where Q is the flow (mm3/hr) and A is the cross-sectional area of the bottom of 
the core (mm2). 
The method used to measure the unsaturated hydraulic conductivity of the large 
cores was similar to that used for the small cores. The core was sealed onto a 
sand bed, as shown in Figure 3.8. The core was saturated from the bottom up 
by pumping 0.01 M CaCl2 into the plastic sleeve through the outflow tube, 
allowing any trapped air to escape out the top of the core. Fine sand was placed 
and levelled on top of the core to ensure a good contact with the tension 
infiltrometer. The desired potential was set on the tension infiltrometer, and the 
BUBBLE 
TOWER 
Clamp ········· 
WATER 
RESERVOIR 
Shut-off valve 
/ Baseplate and porous membrane 
Adjustab le level 
~Y outflow tube 
Figure 3.8 Apparatus for measuring unsaturated hydraulic conductivity on large cores 
in the laboratory (McKenzie et al., 2002:157). 
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constant flow rate through the outlet tube was measured to give the flux. 
Equation 3.6 was used to calculate the unsaturated hydraulic conductivity at the 
given potential. Here the unsaturated hydraulic conductivity was measured at 
-0.01 kPa, -0.05kPa, and -0.1 kPa potentials. 
3.4.2.4 Soil water characteristic 
The soil water characteristic (SWC) describes the relationship between soil 
water content and potential. It provides information such as the permanent 
permanent wilting point (--1500kPa potential) and the field capacity (-1 0kPa 
potential) discussed in Section 2.2.4.1. These are important characteristics for 
analysing the hydrological response of the hillslope. 
The small soil cores taken from the A2 horizon as described in Section 
3.4.2.2.C were used to derive a SWC. Following the saturated hydraulic 
conductivity measurement the cores were allowed to drain for approximately 15 
minutes, then were weighed to give the water holding capacity weight. After the 
unsaturated hydraulic conductivity measurement was completed, any excess 
sand was scraped from the top and bottom of the core, and the sample was 
weighed again to give the water content at -0.3kPa potential. 
The cores were then placed on suction plates, and their water content was 
measured for a series of lower potentials, according to McIntyre and Loveday 
(197 4b ). The suction plates were covered in moist diatomaceous earth, to give 
a complete contact with the base of the soil core so the potential was applied 
evenly. The plates were covered with a plastic lid to prevent evaporation. The 
potential was set to -1 kPa, and the cores were left to drain until they reached 
equilibrium. This took up to two weeks. The soil cores were then weighed. The 
potential on the plates was successively decreased to -5kPa and -1 0kPa, and 
the soil cores were left to gain a new equilibrium, and then weighed after each. 
Following measurements for all the desired potentials the soil cores were oven-
dried for 48 hours at 105°C and reweighed. The dry soil weight for each core 
was used to determine the weight of water in each sample at the different 
potentials. This gave a series of points of water content at known potentials, 
which were then used to plot the SWC. 
A SWC was also determined for each large core using the method above. But 
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here each large core was sub sampled into five small cores the same size as 
the cores above to ensure consistency. The water content was measured at 
0kPa, -1 kPa, -3kPa, -5kPa, -1 0kPa (field capacity), -33kPa, -60kPa, -1 00kPa, -
500kPa and -1500kPa (permanent permanent wilting point) potentials. 
An alternate method to approximate the field capacity is to saturate a soil 
sample and allow it to drain for about two days. The resultant water content is 
said to be field capacity (Marshall et al., 1996). This can be done in the field 
where the soil water content after drainage can be measured using a neutron 
moisture meter (see Section 3.5.5). 
3.4.2.5 Bulk density 
The bulk density, expressed as grams per cubic centimetre (g/cm3), is the 
weight of oven-dry soil solids within a known volume. Inversely, porosity is the 
percentage of space within a volume of dry soil. Bulk density reflects the soil 
structure and is significant in the generation of SLF because a soil horizon with 
a high bulk density is more likely to impede vertical drainage and generate SLF. 
It also affects the soil storage capacity, and therefore the ability of a soil to 
saturate and produce SLF. 
Macroporosity can be visually estimated in the field, but soil core measurement 
in the laboratory is required for a total estimate of porosity. For this research the 
small and large soil cores and the small cores collected for the neutron moisture 
meter calibrations (Section 3.5.5.1) were used to determine the bulk density of 
several soil horizons over the site following the methods given in Mel ntyre and 
Loveday (197 4c). The soil cores had already been trimmed within their metal 
sleeves for the conductivity measurements. Their dimensions were measured 
with callipers to calculate an accurate soil volume. 
Due to the rocky nature of the granite-derived soils, some of the cores had 
rocks protruding from the ends. These were carefully removed and the hole was 
repacked with fine sand, taking care not to fill the pores. The weight of sand 
used to fill the hole was noted and the predetermined packing density of the 
sand was used to calculate the volume of sand required to fill the hole, which 
was then subtracted from the total core volume to give a more accurate volume 
of the soil core. The core samples were oven-dried for at least 48 hours at 
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105°C, and weighed. Subtracting the sleeve and any sand weight from the 
oven-dried weight gave the weight of soil. The bulk density, in g/cm3, was 
calculated by dividing the dry soil mass by the core volume. 
3.4.2.6 Particle size analysis 
Particle Size Analysis (PSA) is a laboratory method used to determine the 
proportion of different sized particles in a soil. The classes are based on the 
diameter of soil particles where gravel is greater than 2mm, sand is 2-0.02mm, 
silt is 0.02-0.002mm and clay is less than 0.002mm. Soil texture and its 
variation down a profile may provide useful information on the likelihood that 
vertical water movement between soil horizons will be impeded. The soil texture 
determined.from the PSA was used to compare the accuracy of field texture 
measurements, and therefore determine whether PSA and/or field textures 
could assist in predicting the occurrence of SLF. 
The particle size distribution was determined for eight of the key horizons at 
several locations do.wn the hillslope. Between 10 and 20g of each horizon were 
sampled, put in 75-80ml of distilled water, covered and left overnight. The next 
day the samples were sonified for 15 minutes to disperse the soil particles and 
the solutions made up to 250ml with distilled water. From 5 to 1 0nil of 30% 
hydrogen peroxide solution was added to the solution to remove any organic 
carbon. The samples were again left overnight so that the carbon could be 
completely d_igested. Excess hydrogen peroxide was carefully boiled off. 
Five millilitres of a 30g/L 'DAXAD 19' dispersing agent was added, and the 
sample was shaken mechanically end-to-end for up to 16 hours. The solution 
was then washed through 125µm and 63µm sieves. The sample in the 63µm 
sieve was made up to a 300ml solution, and then analysed with a 'Sedigraph 
5100 particle size analysis' system to distinguish the clay, silt and fine .sand 
fractions. The sedigraph process is described by Hutka (1994 ). The sample 
. greater than 63µm was oven-dried at 105°C for 30 minutes. The dried sample 
was then sieved through a series of four sieves: 125µm, 250µm, 500µm and 
1 mm. The weights in each sieve were recorded to provide data on the coarse 
and fine sand fraction. 
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3.4.2. 7 Chemical properties 
Chemical properties of media are useful in hydrological studies for providing 
indirect information on water movement through the landscape. Water can 
dilute and leach nutrients from one area, potentially accumulating them in 
another. The pH, electrical conductivity (EC), exchangeable cations and cation 
exchange capacity (CEC) were determined for the key soil horizons of the field 
' 
site. 
3.4.2. 7.A pH and electrical conductivity 
The pH acts as an indicator of other soil properties. For example, a value 
greater than 8.5 indicates the soil has a high component of exchangeable 
sodium and that carbonates are present (Tucker and Beatty, 197 4 ). The EC 
value reflects soil salinity because an increase in soluble salt will increase the 
EC. The pH and EC were determined from a 1 :5 soil distilled water extract as in 
Rayment and Higginson (1992). Measuring the EC using this method may over-
estimate the values because of the large ratio between water and soil, 
compared to a saturated extract (Rayment and Higginson, 1992). However, the 
1 :5 extract method is widely used and accepted in Australia, and can be 
converted to a saturated extract value with a conversion factor of 6.4 (Loveday 
et al., 1972). 
3.4.2.7.B Exchangeable cations and cation exchange capacity 
The exchangeable cations provide valuable information on soil stability. For 
example, a soil with high levels of sodium will tend to be unstable and disperse, 
where a soil high in calcium will be more stable. The cation exchange capacity 
(CEC) is a measure of the negative charge on a soil, which reflects its ability to 
capture and hold cations. Therefore if a solution containing sodium is moving 
through a soil with high CEC, then the soil has the capability to capture the 
sodium out of solution. A valuable index to represent the sodium content in a 
soil is the Exchangeable Sodium Percent (ESP), which is the amount of sodium 
in a soil expressed as a fraction of the total CEC. An ESP of 6% is defined as a 
threshold above which soil stability becomes a problem (reviewed in Sumner, 
1995). 
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The exchangeable cations and CEC were measured using the method 
described in Rayment and Higginson (1992). First, the sample was washed with 
70% ethanol solution to remove soluble salts. Depending on the sample pH, 
either an ethanolic (pH> 7.4) or aqueous (pH< 7.4) ammonium chloride 
solution with the sample was analysed for the sodium, calcium, magnesium and 
potassium cations (methods 15C1 or 15B2, using equipment 15D2 as described 
in Rayment and Higginson, 1992). A solution of 1.5M potassium chloride, 0.25M 
calcium nitrate and the washed soil sample was then analysed by a segmented 
flow analyser to calculate the CEC (method 1513, Rayment and Higginson, 
1992). 
3.5 Hydrological Monitoring Methods with Site Specific 
Calibrations 
Field site characteristics such as topography and soil stratigraphy were used to 
select measurement techniques for monitoring the site hydrology, and to assist 
in the effective installation of the equipment. The climate, subsurface lateral flow 
(SLF), surface runoff, fluctuations in watertable height, and soil water content 
were monitored frequently from August 2001 until October 2003. Data collected 
automatically was logged at 6-minute intervals, and the data downloaded on 
each field visit. Manual data were collected fortnightly in the wet months, and 
monthly during the dry months. The monitoring techniques are discussed below, 
with onsite calibration details where required. 
3.5.1 Climate 
The spatial variability in rainfall has a significant effect on hydrological process 
response and model performance (Croke and Jakeman, 2001; Sivapalan et al., 
1997). Four tipping bucket rain gauges were installed at the field site, near the 
top of the hill (RT), Midslope above the tree belt (RM), Midslope below the tree 
belt at the runoff trough (Met), and down on the flats below the runoff collection 
area (RB) (Figure 3.9). The buckets in the rain gauges had a 0.2mm capacity, 
and they were logged at 6 minute intervals with a logger. 
A full meteorological station was installed near the runoff equipment. It recorded 
the relative humidity and temperature using a Vaisala HMP45D, wind speed 
with an anemometer, wind direction with a wind vane, and radiation with a 
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Figure 3.9 Map of the Field Site showing the location of the measuring equipment 
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pyranometer. A solar charged battery powered the equipment. Each climatic 
attribute was averaged and recorded over a 6-minute interval, and the data was 
downloaded weekly using telemetry. These data are available on the Internet at 
http://mobile.act.cmis.csiro.au/weather/ (thanks to David Jacquier, CSIRO Land 
and Water Division, Canberra, pers. comm., 2001 ). 
3.5.2 Methods for estimating potential evaporation and 
evapotranspiration using the field site climate data. 
There are several methods that can be used to calculate evapotranspiration for 
various types of vegetation. Here evapotranspiration was calculated from the 
potential evaporation E0 , adjusted for different vegetation types using a crop 
coefficient kc (Allen, 1998), as given in Equation 2.17. The crop coefficient was 
set to 1.0 for the pastures as there is evidence (Dunin, 2002; Heng et al., 2001) 
that evaporation from pastures in south east Australia occurs at the rate of 
potential evaporation in winter. The coefficient was also set to a constant value 
of 1.0 for the trees. · 
The potential evaporation was calculated using the Priestley-Taylor method 
(Priestley and Taylor, 1972), given in Equation 2.16. The inputs were calculated 
using methods outlined in Vardavas (1987). 
The slopes of the saturation vapour pressure/ temperature curve In 
(mbars/°K) is 
s = (a2 IT 2 + a3 IT) es (T) 
where In (es)= a1 - a2 IT+ a3 ln(T) 
3.7 
3.8 
where es is the saturation vapour pressure (mbars ), Tis the temperature in °K, 
and a1, a2, and a3 are constants that vary with temperature (Table 3.1 ). 
Table 3.1 Coefficient values for the calculation of the saturation vapour pressure-
temperature curve (Vardavas, 1987). NOTE T0 = 273.15 °K 
Coefficient T >To 
58.1717 
6938.67 
-5.5189 
65 · 
T <To 
58.5938 
6309.64 
-0.65706 
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The psychrometric constant r (mbars/°K) was calculated using 
3.9 
where Gp is the specific heat of air, equal to 0.24 cal/g/°K, Pis the surface 
atmospheric pressure, MclMv is the ratio of the mean molecular weights of dry 
air to water vapour, equalling 0.622, and L is the latent heat of evaporation 
( cal/g) found according to 
L = 597.3 - 0.553(T-To) 3.10 
The surface atmospheric pressure Pis given by 
3.11 
where z is the elevation above sea level in metres. 
The albedo, reflection of radiation back to the atmosphere, was assumed to be 
0.3 (Marshall et al., 1996). The pyranometer measurement of solar radiation Rs 
in the field was converted to a net radiation Rn in wm-2 by Rn= (1- 0.3)*Rs. 
3.5.3 Measuring subsurface lateral flow 
In order to directly measure the volume of water moving as SLF on top of the 
82 horizon a subsurface trough was installed. Open gutters have often been 
used to capture subsurface flow (e.g. Mosely, 1979; Woods and Rowe, 1996). 
These require an open trench, to the desired depth, for the whole measurement 
period. Open gutters are suitable for measuring SLF where the required 
measurement depth is naturally exposed, such as along a stream bank or road 
cutting (Hutchinson and Moore, 2000). However, if the trough needs to be 
installed Midslope, as was the case for this field site, the trench to house the 
subsurface gutter could lower the resistance to flow, and consequently increase 
the occurrence of SLF. Therefore, it was preferable that the trough design for 
this research was enclosed underground, in an attempt to maintain some 
resistance to flow. Methods such as dye tracers can be used to identify lateral 
flow paths but on their own they are only a qualitative measure, and others (e.g. 
Mosely, 1979) have experienced- problems with the tracers being absorbed into 
the soil. Therefore an enclosed trough was used for this study, being aware that 
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· the measurement equipment alone may be inducing some SLF. 
3.5.3.1 Subsurface trough installation 
The subsurface trough was constructed according to the methods in Varcoe et 
a/., (1999). First the lower boundary of the field site was surveyed using a 
dumpy level to measure the drop in elevation. The proposed location for the 
trough was then marked out with string to ensure that there would be a 
continual drop in elevation and so all SLF would move downhill to the tipping 
bucket. A trench 20cm wide was dug to the depth of the A and 82 horizon 
boundary using a trenching chain on a Kubota excavator. The depth was 
approximately 50cm. It was frequently checked that the trench was at the 
boundary depth. 
The bottom and downslope side of the trench was lined with black plastic, to 
confine any SLF (Figure 3.10). A 10cm diameter corrugated and slotted 
irrigation pipe was laid along the bottom of the trench. Coarse gravel was 
packed over the pipe to a depth of approximately 15cm. This highly conductive 
material allowed water to easily move into the irrigation pipe. The black plastic 
was then folded back over the top of the gravel and up the front of the trench to 
the surface, and the trench was backfilled with the excavated soil. At two 
locations down the trough, 5cm diameter PVC pipe was joined to the irrigation 
pipe. Extra trenching was dug to ensure that the PVC pipes continued to drop in 
elevation. The PVC pipes were joined downslope, and then attached to a 3.5L 
Surface Trough 
Black Plastic Surface RuuotI ~ 
A horizon 
Gravel Subsurface Runoff ~ 
---------
B horizon Trench 
Slotted Irrigation Pipe 
Figure 3.10 Sketch of the installation of the surface and subsurface troughs. (Not to 
scale) 
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·tipping bucket to measure the flow. The number of tips was recorded at 6-
minute intervals with a logger. 
3.5.3.2 Tipping bucket calibration 
The volume of water required to fill one side of a tipping bucket varied 
depending on the exact specifications of the field installation and on the rate of 
flow. The volume of water that flows into the bucket while it is tipping varied with 
the rate of flow. Therefore the tipping bucket was calibrated in the field 
according to Ricchetti and Bailey (1990). 
The 50mm diameter PVC pipe leading into the tipping bucket was cut 1.5m from 
the join as shown in Figure 3.11. The approach slope and angle was maintained 
so that flow conditions for the calibration and data collection were constant. A 
new pipe was attached to a 500L tank of water, with a gate valve controlling the 
flow rate. Upslope of the gate valve was a 1.1 Om stand-pipe, which held a 
pigmy flow meter. The pigmy flow meter counted the pulses or revolutions of a 
propeller driven by water flow. Using an existing calibration curve, the revolution 
rate was converted to a flow velocity. Because the flow meter was above the 
gate valve, it was always in a full pipe of water, and only the flow velocity varied. 
✓ 500L Tank 
Stand Pipe 
f 
Pigmy Flow Gate 
Meter Valve 
Slotted to let 
Tipping 
Bucket 
Figure 3.11 Sketch of the apparatus used to calibrate the tipping bucket in the field (not 
to scale). 
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Water was allowed to flow from the tank to the tipping bucket under gravity. 
Once the flow was steady, as indicated by the clearly audible sound of the flow 
meter, the number of pulses from the flow meter, and the time taken for 10 tips 
of the bucket were recorded. 
Appendix A contains the number of flow pulses for each measurement, and a 
plot of the time/tip versus 1 /flowrate, which gives the tipping bucket calibration 
(Equation 3.12). Bv is the bucket volume in L, and Q is the flow rate in L/s. The 
slope of the line from the calibration plot corresponds to the volume of water 
required to tip the bucket (3.556L), and the intercept with the Y-axis is the time 
required for the bucket to move from the resting position to tipping where the 
water flow is entering the bucket on the other side (0.0599 seconds). To 
calculate the accurate flow volume in each 6-minute interval the number of 
bucket tips per 6 minutes No was multiplied by the volume of the bucket 
(3.556L) then converted to flow Q in L/s. The volume of water per bucket tip Bv 
is found by adding the flow Q into equation 3.12. Then Bv is multiplied by the 
number of bucket tips N0 in the period to give a total volume in L. 
Bv = 3.556 + 0.0599Q 3.12 
3.5.4 Surface runoff 
A trough was installed at the bottom of the runoff collection area to guide the 
surface runoff to a measuring point. The trough was preferred over a surface 
barrier because once water is in the trough the runoff was not lost as vertical 
drainage. Also there was little obstruction in a trough. Thu? water flowed quickly 
to the measurement point, minimising the difference between the runoff and the 
measured response in the flumes. 
The trough at the field site drained to a series of Replogle-Bos-Clemmens 
(RBC) flumes to measure the flow. There are many types of flumes that are 
appropriate for different purposes: long-throated RBC flumes (Clemmens et al., 
1984) were chosen for the field site because they are accurate over a wide 
range of flow rates, and easy to make and install in an unconfined channel. 
Several calculations were made, giving the size of the trough and flume 
required to capture and measure the anticipated runoff at the field site. These 
are given below. 
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3.5.4.1 Calculations for the peak discharge flow at the field site 
Calculations were used to estimate the peak runoff rates that may be expected 
from the field site for given rainfall events. An adequate trough size for the 
research site was estimated using the rational method, which calculates the 
maximum flow to reach a drainage outlet for a particular rainfall event (Chow et 
a/., 1988). Equation 3.13 is the metric conversion of the equation given in the 
· source reference. 
3.13 
where Q is the rate of peak discharge (m3/s ), i is the rainfall intensity (mm/hr) 
(Section 3.5.4.1.A), C is the runoff coefficient (Section 3.5.4.1.B), k is the 
catchment segment and A is the catchment segment area in hectares (Section 
. 3.5.4.1.C). The factor of 10 is required to convert the units from imperial to 
metric. 
The details in determining the values for each variable are outlined below, and 
in Appendix B.1. The final results for the peak discharge (Equation 3.13), for 
different return periods are given in Table 3.2. 
Table 3.2 Rainfall Intensity, Slope Coefficients and Peak Flow Discharge for 6-minute 
rainfall events of various recurrence intervals. 
Recurrence Rainfall Upslope Lower slope Peak Flow 
Interval (years) Intensity (i) Runoff Runoff Discharge in 
(mm/hr) Coefficient Coefficient L/s 
(Cu) (Cl) (Q) 
30 77.2 0.50 0.47 233 
20 72.5 0.49 0.46 212 
10 63.1 0.46 0.43 173 
3.5.4.1.A Rainfall intensity 
Several steps were required to find an appropriate rainfall intensity i for the 
calculation of the peak discharge flow. First the time taken for flow from the 
furthest point of the catchment to reach the proposed location of the trough was 
calculated. This is known as the travel time and was calculated using Equation 
3.14. 
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t = :t L'lln 
n=1 Vn 
3.14 
Here tis the travel time in seconds, In and Vn are the length (m) and velocity 
(m/s) respectively of the nth segment of slope. The velocity is assumed to be 
constant through any segment. The field study site was divided into two 
segments, the steeper rocky upslope, and the flatter pastures below the BOS. 
The calculations in Appendix B.1 show that the travel time for the field site was 
4.85 minutes. The duration of a rainfall event must be greater than the travel 
time t if the whole slope is to have the potential to contribute to runoff, and 
therefore generating peak catchment flow. 
Next the rainfall intensity for a 6-minute event was calculated for a one in 30-
year, one in 20-year and one in 10-year recurrence interval. A 6-minute event 
was used because 4.55 minutes was not accounted for in the Pierrehumbert 
(1977) reference, and 6 minutes was the shortest event referred to. To 
conclude, the rainfall intensity values for Holbrook given in Table 3.2, equations, 
estimations from figures, and extrapolations from tables, all presented in 
Appendix B.2, were used. 
3.5.4.1.B Runoff coefficient 
The runoff coefficient C values are dependent on the ground cover and the 
recurrence interval of the rainfall event (Chow et al., 1988). The rocky upslope 
of the field site was classified as poor pasture with greater than 7% slope, and 
the flatter lower pastures were fair pastures with greater than 7% slope. The 
values in the reference table were extrapolated to derive the values for the 
desired recurrence intervals. The final values are given in the summary Table 
3.2, and the details of the calculations are given in Appendix B.3. 
3.5.4.1.C Catchment area 
The catchment area A was estimated for each of the landscape units using the 
field site DEM. The values for the rocky upper slope, and grassy lower slope 
were 1.1 0ha and 1 .13ha respectively. 
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3.5.4.2 Calculations for trough size 
Knowing that the peak discharge for the field site ranged from 173L/s to 233L/s 
depending on the recurrence interval, the required trough size was calculated 
using Equation 3.15 (Chow et al., 1988) 
0 = ((3.21 x Q x n ))318 JSo 3.15 
This equation calculates the diameter of a pipe D (m), required to drain a given 
flow Q (m3/s), with a given Manning roughness coefficient of the pipe n, and fall 
in the pipe S0 (m/m). The resultant diameter was used to calculate the cross-
sectional area required so that the equivalent dimensions of a rectangular 
trough could be determined. The calculations, detailed in Appendix 8.4, show 
that the trough needed to have a cross-sectional area of 0.1 0m2. It was decided 
the trough should have 0.2m sides and a 0.5m base. The wide base would add 
I 
to the stability of the structure. The trough was 72m long, but some of this 
length would not receive the calculated peak flow, so a smaller trough with 
sides 0.15m long and a base 0.30m long, was used to capture the runoff 
furthest from the flumes. The downslope side of the trough was made 0.05m 
higher than the upslope side to prevent water from spilling over the back of the 
trough (Figure 3.10). 
3.5.4.3 Calculations for RBC flume sizes 
With an estimate of the peak flows that could occur with various rainfall 
recurrence intervals the size of the flume required was determined. The 
maximum flow for a flume with a throat 200mm wide was 49L/s (Clemmens et 
al., 1984 ). This was not large enough for the calculated peak flows that ranged 
from 173L/s to 233L/s for a 10-year and 30-year recurrence interval events 
respectively. Therefore a larger flume was required and manual calculations 
were used to determine what size flume would be adequate. 
Calculations were made to estimate the maximum and minimum flow rates for 
various sized flumes. The details are presented in Appendix 8.5, where it is 
shown that a flume with throat width 400mm was required to be able to 
measure a flow at the rate of 233L/s. Size limitations in the available materials 
meant a flume that large would be difficult to construct and therefore that its 
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accuracy could not be guaranteed. The largest flume that could be made with 
the given sheet metal size was a 300mm throat width, so this size was chosen. 
The maximum flow of the 300mm throat width flume was 154L/s, which still 
· represents a significant flow event. The minimum flow capacity for a 300mm 
throat width flume was 4.6L/s. 
With the onset of drought in summer 2001-2002, a smaller RBC flume was 
attached downslope of the large flume to measure the runoff from smaller 
events. The 200mm throat width flume could measure flows down to 0.94L/s 
accurately. 
3.5.4.4 Trough and flume installation 
Both the surface and subsurface collection troughs were installed across the 
entire width of the subcatchment shown in Figure 3.9. This meant that any 
surface or subsurface flow would be captured, and there was not the 
uncertainty in where to place several small troughs to get a representative 
sample. As Freer et al. (2002) showed, the subsurface flow can vary over the 
width of a catchment. Nor were there issues on how to scale up the measured 
values to estimate the whole catchment response. 
The trough was made from folding 1 mm gauge galvanised sheet metal to form 
an open rectangular section. The total length of the trough was 72m. Of that, 
36m were small trough (0.15m by 0.30m) and 36m were large (0.20m by 
0.50m). A trench was manually dug above the subsurface trough. The front of 
the.trough was set into fresh ground and the back sat on the repacked soil 
material from the subsurface trough installation. The surface trench was dug so 
that the upslope edge was vertical and the bottom horizontal. The trough was 
installed in order for the top of the front side to be at ground level. Where 
required, tin snips were used to trim the trough to the appropriate height. 
The trough was joined to the large flume by 3m of approach trough, which was 
deemed a "reasonable length" (Clemmens et al., 1984: 1017). A spirit level was 
used to ensure that the flumes were level across the throat before they were 
concreted into place. The surface flow was monitored in each flume with a 392-
DAT AFLOW capacitance probe logging the water height every 6 minutes . 
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3.5.4.5 Calibration of the RBC flumes 
RBC flumes are provided with tables to convert the depth of water to an 
estimate of flow. Calibration values can vary due to the gradient at which they 
are installed, and small deviations in flume design during the construction that 
are not accounted for in laboratory calibrations. Therefore, both the large and 
small flumes were calibrated in the field. 
A 10 000L holding tank was filled with local dam water and placed below the 
flumes (Figure 3.12). Water was pumped from the tank to a rotameter that was 
at the edge of the trough above the flumes. A rotameter measures water flow 
rate. The flow rate was controlled with a gate valve near the rotameter. The 
water flowed through the large and small flumes in sequence then back to the 
holding tank to be recycled, completing a water pumping circuit. 
Gate Rotatmeter 
Large 
Trough 
I ~ 
Large Flume--. 
Small Flume 
• Approach Trough 
---.. A .. pproach Trough 
Temporary 
Holding Trough 
PVC Pipe 
Irrigation 
Pipe 
Generator 
&pump 
t 
• 
Figure 3.12 Sketch of the layout of the equipment for the calibration of the small and 
large RBC flumes. 
The water was pumped at 1.67L/s and increased to 10.28L/s, with intermediate 
measurements made at rates discussed in Appendix C. The maximum rate of 
10.28L/s was the upper limit for the rotameter. For each flow rate, 2 minutes 
were allowed for the water flow to equilibrate. Then, for both flumes the height 
of the water flow above the stage was taken 3 times at 2-minute intervals. 
Manual height measurements were made using a metal ruler that had been 
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dipped in methylated spirits to reduce the surface tension. The height of the 
water level was also measured in a stilling well on each of the flumes by a 
capacitance probe logging at 30-second intervals. The capacitance was 
converted to a height of water above the stage by converting the capacitance to 
a total depth of water using calibration equations (Appendix C). The height of 
the throat (flow-height) was subtracted from the total depth of water to give the 
height of water above the stage. 
The resultant calibration (working is shown in Appendix C) revealed the 
relationship between the stage height Hst (mm) and the flow Q (L/s) had a good 
exponential fit for both the large and the small flumes, with R2 values of 0.9966 
and 0.9972 respectively (Equation 3.16, Equation 3.17). 
Q = 0.0037 x Hst1·9543 (Large Flume Calibration) 
Q = 0.0052 x Hst1·7711 (Small Flume Calibration). 
3.16 
3.17 
These equations were used to convert stage height measurements from the 
surface runoff to flow rates and volumes. 
3.5.5 Soil water patterns 
In this research the temporal and spatial trends in the wetting and drying of the 
hillslope were measured using the neutron moisture meter (NMM) (Greacen et 
al., 1981 ). This trend can show any preferential wetting or drying that may 
indicate the occurrence of SLF. 
The NMM uses a radioactive source to measure soil water content a 
radioactive probe is lowered into a permanent aluminium access tube to a 
known depth, some of the emitted neutrons are slowed by hydrogen ions and 
possibly scattered back towards the probe, and the probe records the amount of 
emission that remains in the soil at the designated time after emission. Before 
each sampling period, the emission count from the source is calibrated by 
taking a count_ reading with the probe submerged in water. This value is 
assumed to have 100% water content, and soil water measurements are then 
reporte~ as a count ratio, or percentage, of this total water content. Once 
installed, NMM is a non-destructive method of measuring soil water at many 
depths and it is a good means of measuring temporal changes in soil water. 
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A total of 27 NMM access tubes were installed, shown in Figure 3.9. Inside the 
monitored site above the runoff equipment there were seven 1 m tubes, two 2m 
tubes and five 6m tubes. Below the runoff collection area there were two 2m 
tubes, and three 6m tubes. The soil water was measured at 10, 20, 30, 40, 50, 
60, 80, and 100cm depths below the surface in the 1 m tubes. The near surface 
NMM readings can be low due to neutrons leaving out of the surface and thus 
escaping detection. The 2m tubes had additional measurements at 120, 140, 
160, 180, and 200cm depths, and the 6m tubes were also measured at 220, 
240, 260, 300, 350, 400, 450, 500, 550, and 600cm below the surface. 
NMM data were collected manually during each field visit. At each depth two 
count ratios were taken. If they varied by more than 1.5%, a third reading was 
taken. The two or three values were then averaged to give the water content at 
each depth. 
The shallower tubes (1 and 2m) were used to monitor the soil water through the 
A and B2 horizons. More of them were installed at the field site because they 
were easier to install and quicker to use. They were installed by placing a guide 
stand supporting an open-ended 50mm diameter aluminium tube in the desired 
location on the hillslope. The tube was checked to be vertical with a spirit level, 
and a hand auger with a head diameter slightly smaller than the aluminium tube 
was used to dig a hole into the ground underneath the tube approximately 20cm 
deep. The tube was then driven into the ground to a depth of approximately 
20cm using a hand held jack_hammer. The soil was dug out, and the tube 
knocked in, at 20cm intervals until there was only 20cm of the tube left above 
the ground. Installing the tube by this process helped prevent any gaps forming 
between the access tube and the surrounding soil. Once all the soil had been 
removed from the tube, a small amount of concrete was poured down the hole 
to seal the bottom. 
To install the 6m NMM access tubes a hole larger than the access tube was 
augered to the appropriate depth (Prebble et al., 1981, method 5). The 
aluminium tubes were sealed at one end prior to installation. A mixture of 40% 
kaolinite, 10% cement and 50% water by weight was quickly combined and 
poured into the bottom of the hole using a long plastic pipe as a funnel. This 
was a fine-grained, fast setting mixture that provided a good even contact 
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between the tube and the soil. The tube was quickly pushed into the hole until 
only 20cm remained above the ground. This pushed the slurry up the side of the 
hole and filled the gap between the soil and the tube. Hydraulic pressure was 
usually required to push the tube in the final meter. This method of installation 
tends to give inaccurate readings for the top 1 m of soil because the augered 
hole tends to become wider at the top from small equipment deviation while 
aurgering out the bottom of the hole. Consequently the slurry fill is thicker near 
the top of the hole and it is difficult to calibrate. Therefore, next to each 6m tube, 
a.1 m or 2m tube was also installed so that the shallow water contents could be 
measured more accurately . 
. At the beginning of sampling, each NMM reading was taken over 32 seconds. 
With the number of readings that had to be made to sample all tubes at all 
depths it became impossible to sample all tubes on the one day. Due to 
concern about changes in the water contents overnight, 16-second counts were 
evaluated to see if changing to the shorter count would significantly change the 
count ratio. The method for the test and the results are presented in Appendix 
D. It was concluded that there was no significant difference, and therefore from 
April 10, 2002 all NMM readings were 16-second counts. 
3.5.5.1 Neutron emission calibration 
The neutron emission from the probe needed to be directly calibrated to the soil 
water content for the field site. The main source of hydrogen ions that reflect the 
emission back to the probe is water. However, hydrogen can also be bound to 
clay minerals and organic matter. Field calibration accounts for changes in the 
soil texture, bulk density and soil chemical properties with depth so that the 
neutron emission is related directly to water content. 
Two access tubes were installed just outside the field site to encompass the 
range of soils at the site. One was to be sampled when the profile was close to 
saturation, and the other when the profile was dry. Wet and dry calibrations are 
required to cover the seasonal variability in the field conditions (Greacen et al., 
1981 ). The dry calibration was completed on April 18, 2002, after the summer 
months had dried out the profile. The drought conditions meant the soil profile 
did not wet up to saturation throughout the subsequent winter, so for the 'wet' 
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calibration, the profile was wetted up over a week by supplying local dam water 
to the surface with a drip irrigation system. The wet calibration field sampling 
was done on the September 5, 2002. 
At the time of calibration count ratios were taken five times for each of the 
nominated depths, 10, 20, 30, 40, 50, 60, 80 and 100cm. Using a backhoe, pick 
and spade, each depth was exposed. Thus the middle of the soil core to be 
inserted would correspond to the specified depth. Five soil core samples were 
taken at each depth according to McIntyre and Barrow (1972) as discussed in 
Section 3.4.2.2.C. The core samples were sealed in plastic bags to prevent any 
evaporation. In the laboratory they were trimmed, weighed, and oven-dried at 
1 0S°C for 24 hours to determine the volumetric water content. 
Due to resource limitations only one wet and dry calibration tube was possible 
at the field site. Therefore the field site data was combined with other calibration 
data (Bond, pers. comm., 2001) from a neighbouring region with similar soils, 
topography and climate {Wagga Wagga). The combined data gave a linear 
change in soil water with the count ratio from dry to wet conditions for each 
depth (Appendix E). Some depths had similar calibration lines so they were 
combined and the average used for those depths. The resultant equations are 
given below, where e is volumetric water content and n is the NMM count ratio. 
These are 
8 = 0.5952n + 0.0179 
8 = 0.5909n - 0.0137 
8 = 0.6085n - 0.0405 
(10cm depth) 
(20cm depth) 
(>20cm depth) 
3.18 
3.19 
3.20 
3.5.6 Methods for interpolating the neutron moisture meter data to 
a simple daily water balance 
The soil water content data are valuable in its original state, but it is only a 
fortnightly or monthly point measurement and therefore it is unsuitable for use 
estimating the antecedent moisture contents for rainfall events to aid the 
interpretation of the piezometer and surface and subsurface runoff data. A 
simple vertical model, accounting for rainfall, evapotranspiration, and drainage 
and SLF was used to interpolate the soil water content between NMM sampling 
dates. The model was run for the top 1 m of soil to specifically include the 
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boundary between A and 82 horizons, which corresponds to the depth at which 
SLF was measured. It was also run over the rooting depth so an estimation of 
the water balance at different locations down the hillslope could be compared. 
3.5.6.1 Model description 
The soil water content is calculated as a soil water deficit (SWD) below the field 
capacity using a similar method to that used by Scatter et al. (1979), but varying 
the method used to estimate the evapotranspiration. The initial modelled SWD 
was set to the first field measurement, which in most cases was on September 
5, 2001. The SWD at time twas calculated according to: 
SWD (t) = SWD (t -1)- R,(t) + Eta(t) 3.21 
where Rr(t) is the rainfall at time t, and Eta(t) is the actual evapotranspiration. If 
the SWD(t) is greater than the field capacity (i.e. SWD < 0) then the difference . 
is defined as excess water We , which is lost from the system as either drainage 
below the model unit depth or as SLF. The model is also briefly described in 
Section 5.2. As the surface runoff and SLF were only measured at the bottom of 
the runoff collection area, it was not possible to estimate what proportion of the 
excess water moved vertically and laterally within the hillslope. The SWD is 
defined soit can never exceed the field capacity, but the e_xcess water is 
represented as a negative soil water deficit, by 
We(t) = min( SWD (t),0) 3.22 
The actual evapotranspiration varies exponentially with the plant available soil 
water content Bp., defined as the water available between field capacity and 
permanent permanent wilting point. At and above field capacity the actual 
evapotranspiration is 100% of the potential evaporation. As the SWD increases, 
this proportion decreases to 0% at permanent permanent wilting point. This is 
represented mathematically in Equation 3.23 (Keig and McAlpine (197 4) cited in 
Cook and Walker, 1990) and graphically in Figure 3.13. 
Etp is the potential evaporation in mm/day, SF an empirical soil factor calibrated 
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manually, and e, the field capacity in mm. The soil factor Sr controls the 
relationship between the actual and potential evaporation. As the soil factor 
increases, the ratio between the actual and potential evaporation changes from 
a linear to exponential relationship. Therefore, the higher the soil factor, the 
higher the evapotranspiration rate at lower water contents. An example of this 
relationship (when the soil factor is 0.5 and 10) is shown in Figure 3.13. The 
potential evaporation was estimated using the method described in Section 
3.5.2. 
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Figure 3.13 Relationship between the available water and the ratio between the actual 
and potential evaporation (Eta/Etp), with exampl_es where the soil factor Sf is set to 0.5 
and 10. 
3.5.6.2 Assumptions 
It was assumed that the soil water content above field capacity ( excess water) 
was lost from the modelled depth (i.e. top 1 m or the rooting depth depending on 
the purpose of the simulation) in one day, and was therefore not affecting the 
soil water content of the next day. This assumption was made to avoid 
quantifying the soil water movement throughout a whole profile as the hydraulic 
conductivity values could vary with depth. This way the drainage process was 
more simplistic. It was also assumed that all rainfall infiltrated into the soil and 
no surface runoff occurred. Again this .was done to simplify this first estimate of 
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the site water balance. 
The movement of SLF from one part of the hillslope to the next was ignored in 
the water balance because, as already mentioned, the data were not available 
to divide the excess water into vertical and lateral flow. This means that each 
location on the hillslope is modelled as an isolated system, and lateral flow does 
not cascade to areas down the hillslope. Any lateral flow is included as a 
component of excess water. 
3.5.6.3 Calibration 
The hillslope was divided into segments that reflected the topographic, soil and 
vegetation changes across the site. The resultant hillslope zones are discussed 
in more detail in Chapter 4. The model was calibrated for each hillslope zone by 
adjusting the empirical soil factor Sr by increments of 0.1 to maximise the R2 fit 
between the observed and modelled SWD 
3.5. 7 Persistence and distribution · of watertables 
Significant SLF only occurs when the soil is saturated. Therefore, it was 
important to measure the presence and change in watertable heights over the 
field site, and piezometers were used to measure the watertable depths at the 
field site. Piezometer nests were installed at 4 locations down the runoff 
collection area. These were concentrated on the lower half of the slope where 
saturation was most likely to occur. Each nest consisted of 3 piezometers 
installed within 2m of each other. They were installed atthe depth of the A/B 
horizon boundary (~0.5m), at the lower bound of the B2 horizon (~2m), and on 
top of the bedrock (~6m) as shown in Figure 3.14. The piezometer nests were 
installed in the subtle drainage line down the hillslope so the horizontal 
saturated flow of water could be inferred from the measurements. A further 
three nest were installed on the flatter slopes below the runoff troughs (see 
Figure 3.9). 
Each piezometer was made from a 50mm-diameter PVC pipe that was capped 
and waterproofed at one end. At the sealed end the pipe was slotted, the length 
of slotting varying with the total length of the PVC. The 1 m, 2m and 6m 
piezometers were slotted for 10, 25 and 50cm respectively. An auger hole with 
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Figure 3.14 Sketch of the installation of a piezometer nest at the field site. (Not to scale). 
a diameter of 10cm was dug to the desired depth, and the PVC was placed in 
the hole so the sealed end was sitting on the bottom. Sand was placed down 
the hole round the PVC for a depth that covered the slotted length. Bentonite 
granules were sprinkled on top of the sand so they would form a seal to stop 
vertical flow of water down the edge of the PVC pipe. The hole was then 
backfilled with concrete to hold the PVC vertical. A removable cap was placed 
on top of the PVC pipe to prevent rainfall from directly entering the pipe 
between measurement dates. Manual measurement of the watertable height 
_ was taken during field visits. Manual measurements were made using a 
'plopper'. It was made from a bath plug attached to the end of a tape measure. 
The plopper was lowered into the piezometer, and would return an audible . 
sound when it reached the top of the watertable. The depth was then recorded . 
Most piezometers also had a 392 DAT AFLOW or ODYSSEY capacitance probe 
installed to log the height of the watertable at 6-minute intervals. _ These were 
downloaded when manual measurements were taken. 
When a capacitance probe was removed from a piezometer the watertable 
would drop by the volume occupied by the probe. Where the recovery rate of 
the watertable was slow, the manual measurement was not a direct reflection of 
the watertable height. The change in volume occupied by both the DAT AFLOW 
and ODESSEY probes with depth was calculated in the laboratory, and a linear 
relationship is given in Appendix F. When the probes were removed from a 
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piezometer the height of the water up the probe was also recorded, so a 
displacement correction could be made to the manual measurements. 
3.6 Chapter Summary 
A hillslope was selected to conduct a field investigation into lateral flow (surface 
runoff plus SLF) down hillslopes, and to explore the potential for efficient 
indicators of where to place potential tree belt plantations. The Billabong Creek 
Catchment, in southern New South Wales, was selected for the field research. 
The catchment had been noted for its potential contribution to stream salinity in 
the Murray River, and also has potential for an increase in dryland salinity and 
waterlogging if action is not taken. The Billabong Creek Catchment also has 
farmer, government organisation and research interest in revegetating the 
landscape. Therefore it would be highly beneficial to increase our understanding 
of the occurrence of SLF and, to develop tools that could assist in targeting their 
resources for reducing it. 
A field site was selected in the Ten Mile Creek Catchment, which is in the upper 
Billabong Creek catchment. The field site exhibits a high potential for surface 
and SLF based on topography, soil properties and farmer observations. 
Field methods were selected to build a detailed physical description of the 
hillslope. The hillslope was sampled to describe the topography and the soil 
physical and chemical properties that are known to reflect saturation or be 
highly influential on the occurrence of lateral flow (surface runoff plus SLF). The 
sampling methods were discussed at length in this chapter. 
The field site was instrumented to measure rainfall., climate, soil water content, 
presence of watertables and the surface and SLF. These data will enable a 
detailed description of the hillslope hydrological response to rainfall events 
under various conditions (Chapters 5 and 6). Also, a comparison can be made 
between the soil properties and the hydrological conditions on the hillslope, to 
test whether soil properties can be used to assist in locating hillslopes with 
significant SLF. The methods for hydrological measurement were given in this 
chapter, and care was taken to calibrate the equipment appropriately. 
In the next chapter, the topography and soil stratigraphy of the field site will be 
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described, based on the measurement methods that were given in this chapter. 
The description includes a brief history of the landscape processes at the site, 
as this is valuable to the interpretation of the changes in soil properties. Also the 
hillslope properties are interpreted to indicate the dominant hydrological 
response of the hillslope. 
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Chapter 4 Field Site Description 
The literature review (Section 2.5) identified several soil features that can 
indicate saturation within the soil. Thus, there is the potential for the soil 
morphology to be indicative of Subsurface Lateral Flow (SLF). This chapter 
presents a description of the land cover, topography and soil stratigraphy of the 
field study site that was introduced in Chapter 3. For ease of description the 
hillslope was divided into 4 zones (Figure 4.1 ), the Upperslope, Waning-
Midslope, Midslope, and Lowerslope. The latter was below the runoff collection 
area. The physical properties of the site, particularly the soil properties that 
reflect different hydrological behaviour, were used to develop a conceptual 
model of the hydrology at the site. 
4.1 Geomorphological History and Current Topography of the 
Field Site 
The field site was typi_cal of large areas of the southwest slopes of New South 
·Wales and northeast Victoria where water borne erosion and deposition and 
aeolian deposition were significant factors in soil and landform development. 
Aeolian material has been identified over a large area of south-east Australia 
(Butler, 1956; Chen et al., 2002), and in gently sloping land west of the -Great 
Dividing Range it often occurs as a mantle, sometimes over 5m thick. The 
material is characterised by a high silt and fine sand content (Butler and 
Churchward, 1983),. and there is often an absence of coarse mineral grains 
( e.g. sand sized quartz). Soil from aeolian deposition is also noted for its high 
stores of salt (Walker et al., 1988). If the aeolian material is in a well-drained . 
landscape, it forms red, strongly structured soils e.g. Red Kandosols and 
Dermosols (Butler, 1956). If it is poorly drained, most likely due to the 
accumulation of exchangeable sodium, the iron (Fe) will be reduced and 
possibly leached, changing the colour. 
_Since the deposition of the aeolian material across the Ten Mile Creek 
Catchment over 13000 years ago (Walker et al., 1988), erosion and reworking 
from the upper slopes concentrated it on the lower slopes and plains. The 
properties of the soil on the Lowerslope at the field site exhibited the qualities 
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Figure 4.1. Topography of the study catchment, near Holbrook, New South Wales. The 
contours show elevation from the Australian Height Datum. 
of a poorly drained aeolian material, classified as a Grey-Black Sodosol (Isbell, 
2002). It had high silt and fine sand content, and a distinct absence of coarse 
fragments (See B21 horizon, Figure 4.7 for example). The A2 horizon was a 
bleached silty material, and the B2 horizon was grey and well structured. 
Occurrence of this type of soil in the Ten Mile Creek Catchment was noted in 
the Heartlands report (2003) to result from waterlogging due to the low 
permeability of the subsoil. In summer 2001-2002 bare ground and salt scalds, 
in patches approximately 2m2, were evident on the Lowerslope on the· Grey-: 
Black Sodosol. The Electrical Conductivity (EC) of the A 1 horizon was 8.2dS/m 
(1 :5 soil to water extract). This confirmed the presence of salt on the surface. 
The salt source was most likely from the aeolian deposition (McPherson, pers. 
comm., 2003). 
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The perceived key landform processes that were acting at the field site are 
shown in Figure 4.2. The average gradient was steep(> 30%) but there was a 
sequence of steeper and flatter gradients stepping down the hillslope. The crest 
was relatively flat (15% gradient), but changed rapidly to a steep slope (40%), 
followed by a flatter area (30% ), steep rocky slope again (50% ), and then 
another flat (22% ). It was dominantly a planar hillslope, shown by the large 
number of straight contour lines across the slope, and the lack of continuous 
distinct ridges and drainage lines (Figure 4.1 ). Small discontinuous drainage 
paths were evident in the field, and tended to exist around 'lobe-type' formations 
(Figure 4.3). The Heartlands report (2003) noted that small landslips occur on 
the steeper slopes in the Ten Mile Creek Catchment. Therefore one explanation 
for the 'lobe' landscape is that a series of small landslips created steps down 
this hillslope. Alternatively, this landform may be a reflection of the underlying 
weathering front into the granite. 
The Upperslope soils were well drained, and were classified as a Brown 
Chromosol. They had high percentage of coarse grains (68% to 81 % sand: see 
Appendix G.1 ), and were generally 2m deep. The Upperslope was an erosional 
zone .in the landscape, with gravity and rainwash moving coarse and fine 
material down the hillslope. There were surface fragments of granite rock 
greater than 10cm in diameter on the surface. Any aeolian material deposited 
on the Upperslope was likely to have been eroded since deposition. The 
erosion process would be responsible for much of the exposed granite bedrock 
evident on the surface (Figure 4.2). 
The Break-of-Slope (BOS) marked the boundary between the Upperslope and 
the Waning-Midslope. On the Waning-Midslope and Midslope the gradient was 
flatter ( 16 to 10%) than on the Uppers lope and the soil only moderately well-
drained (Yellow to Grey Chromosols). Sand dominated the soil with fractions 
from 50% to 66% (see Appendix G), and the soil depth was dominantly over 
6m. The soil here was likely to be an aggradation of eroded material from the 
Upperslope. 
The change in gradient between the Upperslope and Waning-Midslope could 
be the surface of a fan, a result of the deposition of coarse and fine material 
loosened from local landslips upslope. The reduction in gradient could also 
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cause more material to be deposited. Rainwash would still be likely to transport 
fine materials to the Lowerslope. 
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The Lowerslope had a flatter gradient (4%). The soils were sodic, poorly 
drained, and in some places saline forming Grey-Black Sodosols. Beneath the 
Sodosol was a buried soil more typical to the granite soils further upslope. This 
zone in the landscape would be dominantly depositional accumulating fine 
material that has been washed from upslope. 
4.2 Land Cover 
Prior to clearing, the field site was most likely covered with a Dry Foothill Forest 
and Woodland (Heartlands, 2003) with species such as Eucalyptus blakelyi 
(Blakely's red gum), Eucalyptus macrorhyncha (Red stringybark), Eucalyptus 
polyanthemos (Red box) and Acacia dealbata (Silver wattle). Grass species 
would have included Austrodanthonia species (Wallaby grass), Joycea pa/Iida 
(Red-anther wallaby grass), Microlaena stipoides (Weeping grass), Poa 
sieberiana (Tussock grass) and Themeda triandra (Kangaroo grass). 
At the time of this research the field site was dominantly pasture, grazed 
frequently by cattle. On the Upperslope Themeda triandra (Kangaroo Grass) 
was still present, along with small patches of annual weeds such as Echium 
plantagineum (Paterson's Curse). Up to 40% of the surface of the Upperslope 
was rock outcrop, the larger outcrops visible in Figure 4.3. On the Waning-
Midslope to Midslope annual species of Lolium multiflorum (Ryegrass), Echium 
plantagineum (Paterson's Curse), and Xantium spinosum (Bathurst Burr) 
became increasingly common. Less than 1 % of the surface was rock outcrop. 
A tree belt of Eucalyptus sa/igna (Sydney Blue Gum) and Acacia melanoxylon 
(Blackwood) covered 0.21 ha of the runoff collection area. The tree belt was 
fenced to exclude stock. A thick cover of Echium plantagineum (Pate_rson's 
Curse) grew underneath the trees. Occasional grazing by cattle was used as 
part of a weed control strategy. 
On the Lowerslope, the land surface was rough due to pugging by cattle in wet 
periods, and the pasture cover was dominated by Critesion marium (Sea Barley 
Grass) and Couch species. These species are indicative of salinity (Cumming, 
1996). 
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4.3 Hydraulic Conductivity 
Four measurement techniques were used to measure the saturated and/or 
unsaturated hydraulic conductivity of various soil horizons at different locations 
over the field site (Section 3.4.2). Small core samples were used to measure 
the saturated and unsaturated (-0.3kPa potential) hydraulic conductivity of the 
A2 horizon over the runoff collection area (Zones 1, 2 and 3). Large core 
samples were used to measure the saturated and unsaturated (-0.1 kPa) 
hydraulic conductivity ofthe A2 and B2 horizon at the end of the runoff 
collection area (bottom of Hillslope Zone 3). The tube-well permeameter was 
used to measure the saturated conductivity of the B2 horizon over the runoff 
collection area (Hillslope Zones 1, 2, and 3), and the bail method was used to 
measure the saturated conductivity of the 2B25 .horizon on the Midslope (Zone 
3). The 2B25 horizon occurred from 4.70m to 6.60m below the surface in Zone 
3, and is described in Section 4.4.3. The average saturated hydraulic 
conductivity value for this horizon using this method was extremely low 
(0.02mm/hr), potentially un·r~liable and not consistent with other data collected 
.,."" .· , .... - . - . :. . 
at the field site, discus·sed in Section 6.2.2. This measurement should be 
repeated in the future. 
A statistical summary for each landform element is given in Table 4.1. In 
skewed distributions the geometric mean may be preferred to give a value that 
represents the 'tyipcal' for an area. However, in this case the arithmetic mean 
was used for the discussion because it is important to account for large 
macropore flow when considering water fluxes. 
Figure 4.4 shows the arithmetic mean hydraulic conductivity in the different 
landform elements for each measurement technique. Note that the hydraulic 
conductivity on the vertical axis is on a log scale. The error bars, which are one 
standard deviation above and below the mean, illustrate the large variation that 
is typical of hydraulic conductivity (Anderson and Cassel, 1986; Williams and 
Bonell, 1988; Lauren et al., 1988; Warrick and Nelson, 1980). 
The difference between saturated and unsaturated hydraulic conductivity gives 
an indication of the rapid flow through the macropores. The difference was 
substantial in the A2 horizons with an average of 650mm/hr, and where data 
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Table 4.1 Statistical summary of the saturated and unsaturated hydraulic conductivity {mm/hr} using different measurement techniques for each hillslope zone. 
Hillslope Zone Soil Horizon Method Arithmetic Geometric Standard 
Mean Mean Deviation 
1 A2 Small core (S) 443 435 96 
A2 Small core (U) 33 32 4 
B2 Tube well (S) 2 1 2 
2 (Pasture) A2 Small core (S) 894 681 692 
A2 Small core (U) 32 28 16 
B2 Tube well (S) 0 0 0 
2 (Trees) A2 Small core (S) 864 631 720 
A2 Small core (U) 14 12 7 
82 Tube well (S) 2 0.8 2 
3 A2 Small core (S) 829 948 371 
A2 Large core (S) 456 236 513 
A2 Small core (U) 24 023 8 
A2 Large core (U) 139 97 91 
82 Tube well (S) 2 0 2 
Large core (S) 686 222 844 
Large core (U) 142 96 134 
S = saturated measurement, U = unsaturated measurement 
were available for the 82 horizon (Midslope Zone 545mm/hr). 
Measured conductivity values vary depending on the measurement method, in 
part due to differences in sample size (Anderson and Bouma, 1973; Anderson 
and Cassel, 1986; Williams and Bonell, 1988; Lauren et al., 1988; Davis et al., 
1999). Here different measurement techniques were used for different 
horizonsbecause it was not practical to use the same method over the whole 
site. ·However, in the Midslope zone both small and large core samples were 
used to measure the hydraulic conductivity of the A2 horizon. Also, large core 
samples and the tube-well permeameter were used to measure the saturated 
hydraulic conductivity of the 82 horizon. Different measurement methods were 
used in the Midslope Zone because the large cores were taken from the only 
excavation pit on the field site and the small cores samples and tube well 
permeameter measurements were taken to remain consistent with the sampling 
in the other hillslope zones. The large core values were all taken over an area 
of approximately 3m2, while the small cores and permeameter measurements 
were taken across an area of approximately 3650m2. The values obtained from 
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these methods are compared below, acknowledging that the comparison is not 
direct, because the sample collection area varied. 
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Figure 4.4. Average saturated (Ks) and unsaturated (Ku) -0.3kPa potential hydraulic 
conductivity of selected horizons in given hillslope zones (mm/hr), for various 
measurement techniques. sml = small cores, lg = large cores, BM= bail method, TW = 
tube-well permeameter, B* is the 2B25 horizon, shown in Figure 4.5. 
4.3.1 Comparison of small core and large core hydraulic 
conductivity 
The saturated hydraulic conductivity of the A2 horizon was an average of 
829mm/hr using the small core samples, and 456mm/hr using the large soil 
core samples (Figure 4.4 ). The ranges for the two methods were not too 
dissimilar, with the small soil core measurements ranging from 157mm/hr to 
1158mm/hr, and the large cores from 43mm/hr to 1030mm/hr. In this study 
there were only a small number of samples, so the mean is strongly dependent 
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on each value. It has been found that smaller sample sizes give larger saturated 
hydraulic conductivities (Bouma and Anderson, 1973; Lauren et al., 1988). 
Therefore, it is possible that the difference between the mean values from the 
different measurement methods resulted from insufficient replication, in addition 
to an inherent difference due to the size of the samples. 
One study (Anderson and Cassel, 1986) concluded that 1985 samples were 
required to estimate the saturated hydraulic conductivity within +10% - there is a 
trade-off between the accuracy of a saturated hydraulic conductivity 
measurement and the number of samples taken to estimate it. In another text 
(McKenzie and Cresswell, 2002a) it is recommended that 3 to 5 samples are 
required to estimate the saturated and unsaturated hydraulic conductivity using 
large and small cores. Therefore the minimum of 6 core samples per hillslope 
zone at the Holbrook site was viable for an estimate of the saturated hydraulic 
conductivity. The average of all measured values for the A2 horizon in Zone 3 
gave a hydraulic conductivity of 643mm/hr. 
4.3.2 Comparison of tube-well permeameter and large core 
hydraulic conductivity 
The average saturated hydraulic conductivity of the 82 horizon in Zone 3 was 
2mm/hr using the tube-well permeameters, and 686mm/hr using the large soil 
core measurements in the laboratory (Figure 4.4 ). The values determined using 
the tube-wells might have been reduced due to smearing of the hole during 
augering. Although the holes had their surfaces scored after augering and were 
left to dry overnight, it is still possible that some soil pores were still blocked and 
therefore were unable to conduct water. The tube-well values may have also 
been affected by slaking inside the auger hole. The method required water to be 
ponded into the auger hole to begin the measurement. On several occasions 
the water within the permeameter tube would initially rise by up to 1 mm. After 
up to 30 minutes, bubbles began to rise and the water would start percolating 
into the soil. Slaking and swelling of the clay may have been responsible for the 
initial rise in water. Calcium Chloride (0.01 M CaC'2) was added to the water to 
limit dispersion, but it is not effective in limiting slaking. For soils that severely 
slake, an in-hole support or gauze may be required to hold the soil in position 
(Mackenzie, 2002), but this does nothing to prevent the blockage of pores. An 
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alternative method may have been more appropriate. 
The conductivity values for the tube-well measurements in Zone 3 were 
consistently small, ranging from 0.4mm/hr to 5mm/hr. Even across the whole 
site, values for the B2 horizon conductivity using the well were within the range 
of 0.01 mm/hr and 5mm/hr. This variance in the conductivity measurement is 
particularly small, and may be an indication that the smearing and strong 
slaking in the B2 horizon confounded the measurement. Consequently, the 
values of the saturated hydraulic conductivity using the tube-well permeameter 
are believed to be inaccurate. However, the strong slaking that occurs on 
wetting in this layer, and the poor structure which results, indicates that the 
hydraulic conductivity of the B2 horizon could be very low. 
For the large core measurements the saturated hydraulic conductivity values for 
the B2 horizon ranged from 1 mm/hr to 2500mm/hr. The value of 2500mm/hr 
was over seven times greater than the average conductivity for the other large 
cores. At -0.1 kPa, the hydraulic conductivity on the same core was 395mm/hr, 
indicating that macropore flow was important for vertical movement of water 
through this horizon. One possible explanation for the high conductivity at this 
location is the B2 horizon was once part of a well-drained soil that formed from 
parna material (McKenzie, pers. comm., 2003), which typically has a large 
saturated hydraulic conductivity. The B2 horizon at this field site may have been 
changed from red to grey-brown (1 OYR 5/2 in Munsell Colour Company, 1975) 
by the transformation of the Fe by redox processes, recent enough that it still 
maintains the fabric of the parna. The Fe could have been leached from the soil 
making it more porous and even more liable to have a high saturated hydraulic 
conductivity. 
4.3.3 · Summary of hydraulic conductivity findings 
The discussion above illustrates that significant resources are required to 
measure the hydraulic conductivity appropriately over a field site, and determine 
a single representative value. Problems can occur with some measurement 
techniques. The tube-well permeameter measurements appear to have been 
strongly biased to small conductivity values due to smearing and slaking iri the 
auger holes. If sampling was done in a drier period, augering still could have 
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caused sheen inside the hole, and affected the values. It may have been 
beneficial to measure the hydraulic conductivity of the B2 horizon in the 
laboratory using large soil core samples if resources permitted . 
Replication is also important, as an increase in the number of samples 
increases certainty of the average value, and an improved estimate of the error 
(Anderson and Cassel, 1986). Again, with more resources, be they time and/or 
technical assistance, the number of samples per hillslope zone could have been 
doubled from 6 to 12, to help account for the variation. Also more large core 
samples could have been collected from another location on the hillslope. But 
Molz (2003:2317) recently concluded, "no matter what the scale of 
measurement for the property K [hydraulic conductivity], one is always dealing 
with some type of average, with the average itself being highly variable". 
Therefore the number of samples required is dependent on the desired 
accuracy of the result. 
The ultimate aim of this research was to produce a set of guidelines to assist in 
locating tree belt plantations (Section 1.3). The saturated hydraulic conductivity 
was measured to assist in field site description, and as part of an investigation 
into the relationship between conductivity and the occurrence of SLF. Detailed 
measurement of hydraulic conductivity can be expensive, so extensive direct 
measurements were not realistic for the proposed guidelines. From this 
perspective it was not essential to conclude with a single value to represent the 
conductivity of each horizon, and the measurements performed were sufficient 
to show the range in saturated hydraulic conductivity at the field site. 
Therefore, with acknowledgment of the possible sources of error in the 
hydraulic conductivity measurements, the following trends have been deduced. 
Where valid data for the A2 and B2 horizons were available (i.e. using core 
samples on the Midslope Zone) the average hydraulic conductivity of the A2 
horizon (456mm/hr) was actually smaller than in the B2 horizon (686mm/hr). 
But the lower bound on hydraulic conductivity in the A2 horizon was 43mm/hr, a 
greater value than the B2 horizon of 1 mm/hr. Therefore at a location where the 
hydraulic conductivity of the B2 horizon was 1 mm/hr vertical flow would be 
impeded and likely to generate SLF through the macropores in the A2 horizon. 
At other locations the saturated hydraulic conductivity of the B2 horizon was 
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2500mm/hr so water would move vertically through the horizon. Therefore it 
would be the distribution between the low and high permeability zones and 
macropores in the B2 horizon that would control the distribution of the SLF, as 
was the case in a study in the Mount Lofty Ranges, South Australia (Leaney et 
al., 1993). Therein lies the difficulty in averaging hydraulic conductivity 
measurements to represent a given area. 
The field results also show that both the A2 and B2 horizons saturated 
conductivity was substantially greater than the unsaturated conductivity at -10 to 
-0.3kPa. This indicates that macropore flow through channels and fissures was 
significant in these horizons. 
4.4 Description of Soil Stratigraphy and the Implications for 
Hillslope Hydrology 
The soil stratigraphy of the hillslope is presented in Figure 4.5. The soil catena 
grades from Brown Chromosols on the Upperslope, to Yellow Chromosols on 
the Waning-Midslope, Brown and Grey Chromosols on the Midslope, and Grey 
and Black Sodosols on the Lowerslope (Isbell, 2002). 
Eight key soil horizons (A 1, A2, B2, 2A2, 2B22, 2B23, 2B25 and C) were 
· identified in the runoff collection area, but not all of them were present at all 
positions down the hillslope. The 2A2, 2B22, 2B23 and 2B25 were horizons 
buried by the deposition of sediment from upslope as a fan. A thick band of fine 
material on the Lowerslope, believed to be an aeolian deposit, was composed 
of A 1, A2, B21 and B22 horizons. An additional buried horizon was also present 
on the Lowerslope (2B24 ). 
· For each hillslope zone the field data have been plotted showing the profile 
trends in the redox alteration (Figure 4.6), Particle Size Distribution (PSD) 
(Figure 4. 7), Electrical Conductivity (EC), pH and Exchangeable Sodium 
Percent (ESP) (Figure 4.8), exchangeable cations (Figure 4.9) and the Cation 
Exchange Capacity (CEC) (Figure 4.10). The CEC varies depending on the 
amount of clay and organic matter present. Therefore the CEC was normalised 
and plotted in Figure 4.10 as CEC divided by the percentage of clay, multiplied 
by 100 to give a percentage value. Ignoring the A 1 horizon because it has a 
high content of organic matter, the normalised CEC value can be used to infer 
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the type of clay present and hence the degree of leaching through a horizon. 
Assuming that kaolinite, illite and smectite are the most common clays in south-
east Australia (McKenzie, pers. comm., 2003), and using the values given by 
Birkeland (1999), the following guidelines were developed: If the normalised 
CEC was >30% then it was likely that smectite clay was present and the horizon 
was less leached than if the normalised CEC was less than 30%, and the 
amount of kaolinite and illite was greater. 
The soil profile descriptions are also summarised in Appendix G. The field 
capacity from the core samples in the laboratory, bulk density, and soil water 
characteristic data are given where available. The key physical information is 
integrated, using the soil property trends summarised in Figure 2.5, to develop a 
hypothesis describing the hydrological flow paths on the hillslope discussed in 
Section 4.4.5. Each hillslope zone is discussed separately, with respect to 
which horizons appear to accumulate and transmit water. 
4.4.1 Zone 1: Upperslope zone 
The soils on the Upperslope (Zone 1) consisted of A 1, A2, B2 and C horizons 
(Figure 4.5). However, on some of the steepest slopes, the A 1 and sometimes 
the A2 horizo~s had been eroded to expose the B2 horizon. The removal of the 
surface horizon may be explained by: a large volume of surface runoff; steeper 
slopes having a greater gravity component to move sediment; a patchy 
vegetation cover; a high percentage of rock outcrop to assist in generating 
. infiltration excess runoff; or a combination of these factors. Where the B2 
horizon was exposed it was cracked when dry, indicating some shrink-swell 
clay. Cracks in the shrink-swell clay, especially at the surface, could initially aid 
the rapid infiltration deep into the profile. Once the clay had wet up, the swelling 
would seal the surface and increase surface runoff. 
The thicknesses of each horizon within this zone were generally less on the 
· steeper areas and more on the flatter areas reflecting the areas of local erosion 
and deposition discussed in Section 4.1. This was probably due to steep slopes 
being more prone to lateral water movement and erosion, and the flatter slopes 
being sites of material deposition. The depths to the lower boundaries ranged 
from 0.05m to 0.12m for the A 1, _0.20m to 0.58m for the A2'", 0.80m to 1.85m for 
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Figure 4.10. Cation Exchange Capacity, normalised for the clay content (CEC/(%clay)x100) for each horizon in each zone. 
Field Site Description 
the 82 and Om to 6.00m for the C horizon. Depth to bedrock ranged from 0.55m 
to over 6.00m. 
The A 1 horizon was dark brown, contrasting with the light yellow-brown A2 
horizon, and strong brown 82 horizon. The colour of the 82 horizon indicated 
that it was a well drained profile. There was not any evidence of mottling or 
redox segregations present in this soil (Appendix G.1 ), indicating that saturation 
within the soil profile was infrequent and of short duration. 
It was clear that the current soil on the Upperslope formed in situ, because all 
horizons were clearly dominated by sand from the granite substrate. The A 1 
and A2 horizons had a sandy loam field texture, and the 82 horizon was a 
sandy light to light-medium clay. Figure 4.7 shows the percentage by mass of 
particle sizes from <2µm to 2000µm. The PSD showed the A 1 · horizon had 19% 
clay, 13% silt, and 68% sand, and the A2 horizon had 25% clay, 13% silt and 
62% sand. The 82 horizon had a similar proportion of silt (12%), but had higher 
clay (37%) and less sand (50%). The C horizon was mainly sand, as would be 
expected from a horizon dominated by weathered granite. The PSD was 14% 
clay, 5% silt and 81 % sand. 
The EC's of all horizons were low (0.020dS/m to 0.039dS/m) as shown in 
Figure 4.8, and the sodium content in all horizons was low, with average ESP's 
of 0.8%, 1.36% and 0.6% for the A1, A2 and 82 horizons respectively. Thus it 
may be concluded as any salt that was deposited by aeolian activity has been 
removed from the Upperslope. 
The A2 horizon had low calcium (Ca) content with an average of 2.6cmol/kg, 
while the A 1 and 82 horizons averaged 4.8cmol/Kg and 4.3cmol/Kg (Figure 
4.9). The _magnesium concentrations were also low in the A2 horizon and higher 
in the 82 horizon, with values of 0.9cmol/Kg and 2.1 cmol/Kg. This indicates that 
the cations may have been leached laterally out of the A2 horizon. The A2 
horizon had a slightly lower normalised CEC (17%) compared to the 82 horizon 
(25%) (Figure 4.10), implying that some leaching has occurred in both the A2 
and 82 horizons, and therefore the hydraulic conductivity of the 82 horizon was 
such that it enabled water movement through the soil. 
Consequently it can be assumed that SLF within the soil profile was not a 
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significant hydrological pathway in this hillslope zone. Considering that the A2 
horizon had a comparably small cation concentration and normalised CEC 
. compared to the 82 horizon, periodic saturation and a small amount of SLF 
could occur in the A2 horizon. This would therefore be a seasonal SLF, but the 
lack of evidence of significant saturation (i.e. mottling and redox segregations) 
indicates that the volume would never have been significant. On balance SLF is . 
not likely to be a major process - the dominant lateral flow would be over the 
surface, over the bedrock and through bedrock fractures. 
4.4.2 Zone 2: Waning-Midslope zone 
The topographic BOS was used as the boundary between the Upperslope and 
the Waning-Midslope, shown in Figure 4.1. In the Waning-Midslope the buried 
soil horizons (2822, 2823, 2825) and C were evident under the surface 
horizons (A 1, A2, and 82). At the BOS the depth to bedrock was quite shallow 
(3m), but downslope the soil depth increased rapidly to approximately 6m. The 
main cause of the deep soils would be from fan deposition and ongoing water 
erosion from the Upperslope. 
Generally the abundance of mottling and Fe and Mn aggregations was greater 
on the Waning-Midslope compared with the Upperslope. Also the horizon 
colours became duller, trending from strong brown towards the yellow and grey 
end of the spectrum, which implies that there was more water accumulation 
here compared with the Upperslope. In this zone, the rapid change in the 
topographic gradient would rapidly slow any surface runoff from Upperslope, 
and consequently allow more time for infiltration of water. 
The horizon textures were dominated by coarse sand with no significant 
evidence of fine sand or silt proportions (Figure 4. 7). This indicates an absence 
of aeolian material. There was an increase in the clay content with depth. The 
surface horizons (A 1 and A2) were sandy loam to sandy clay loam, increasing 
to a sandy light to light medium clay in the 82 horizon. All buried horizons were 
at least sandy light clay, the heaviest being the 2825 horizon, which had a 
medium heavy clay texture. The C horizon was a sandy clay loam, reflecting the 
dominance of weathering bedrock from below. 
The pH trend over the profile was acid-neutral for the surface horizons (A 1, A2, 
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82), ranging from 6 to 7. The buried horizons (2822, 2823, and 2825) were 
alkaline - all but one buried horizon sample had a pH between 8.6 and 9.3, with 
an average of approximately 9.0 (Figure 4.8). The increase in pH with depth 
indicates a concentration of bases. The colours of the horizon indicate that 
drainage was slower here compared to the upper slope, and some horizons 
experience saturation. 
The A2 horizon was pale brown to yellow-brown, paler than in the Upperslope. 
This indicates it was more leached. It contained Mn and Fe aggregations, which 
was evidence for periodic saturation (Simonson and Boersma, 1972; Khan and 
Fenton, 1994). The calcium and magnesium concentrations were both low in 
the A2 horizon (2.8cmol/Kg and 0.7cmol/Kg respectively) and relatively high in 
the 82 horizon (6.4cmol/Kg, and 9.6cmol/Kg respectively). The normalised CEC 
· was also lower in the A2 . horizon ( 19°/o ), compared to the 82 horizons (60%) 
seen in Figure 4.10. This data implies that the A2 horizon was more leached 
than the 82 horizon. The high normalised CEC in the 82 horizon indicates that . 
not much water moves through that horizon and hence it is likely to impede 
vertical drainage, so there may be preferential lateral movement of water 
through the A2 horizon. 
There was not any significant difference between the average storage capacity 
and field capacity of the A2 horizon under pasture (0.31 cm3/cm3 and 
0.21 cm3/cm3) respectively) and under the tree belt (0.28cm3/cm3 and 
0.22cm3/cm3 , respectively). The bulk density was 1.55g/cm3 or 41 % total 
porosity under pasture and 1.60g/cm3 or 39% total porosity under trees. 
The 82 horizon was apparently less well-drained than the Upperslope, because 
it was yellow-brown with mottles and Mn segregations. The small hydraulic 
conductivity of this horizon would impede drainage from the A2 horizon and 
encourage saturation; further evidence that SLF is likely through macropores in 
the A2 horizon. 
The profile had an increase in ESP with depth (Figure 4.8). From the 82 horizon 
down the profile, the ESP was greater than 6%, indicating the soil stability could 
be affected (Northcote and Skene, 1972). The ESP was highest in the 2825 
horizon (16% ), but the EC is high, then a soil with a high ESP can still be stable 
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(review in Sumner, 1995). The EC was consistently low throughout this soil 
profile, never exceeding 0.111 dS/m. This value, taken from a surface soil, may 
have been contaminated by livestock urine. Therefore it was likely that there is 
instability in the soil and the resultant poor structure increased the likelihood of 
impeding vertical drainage. The low EC values throughout the profile indicate 
that it is not likely that aeolian salt stores still exist in this zone. 
The buried horizons b_ecame less oxidized with depth, as the colours changed 
from brown and red-brown in the 2B22 and 2B23 horizons to grey and olive-
brown in the 2B25 and C horizons. There was also an increase in the 
abundance of mottling, which indicated increasing duration of saturation 
(Vepraskas, 1992), although still intermittent. The colour of the mottles also 
indicated a trend of greater saturation with depth because red mottles exist in 
the 2B23 horizon, whilst the mottles are yellow, brown and olive in the 2B25 
horizon. Fe and Mn segregation abundance was greatest in the 2B23 horizon, 
implying a period of saturation and reduction long enough to mobilise the Fe 
and Mn, followed by periods of aeration, during which the Fe and Mn precipitate 
to form segregations in the soil. 
The horizon above (2B22) does not contain Fe aggregations, but does contain 
Mn, indicating that it was saturated for a shorter period of time (Veneman et al., 
1976). The 2B25 horizon had no Fe aggregations and <2% Mn aggregations, 
but the colour of the matrix and mottles indicate that the Fe content was 
considerably depleted in that horizon. On balance it seems most likely that this 
horizon had extended periods of saturation and the Fe content had been 
depleted. 
Measurements show that the 2B23 and 2B25 horizons have a notably lower 
concentration of exchangeable cations than the B2 horizon. The CEC in these 
horizons was similar to the A2 horizon. This indicates that leaching occurs in the 
· lower soil horizons, and supports the theory of a fluctuating watertable at depth. 
The deep horizons also have high ESP values (14% and 16%), which could 
from a concentration of sodium from a fluctuating watertable. 
Evidence discussed above indicates that there were two important 
accumulations of water in the Waning-Midslope. One was a shallow system in 
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the A2 horizon, and the other a deeper system at the bottom of the profile. It is 
proposed that the surface runoff from the Upperslope infiltrated the profile 
because the low topographic gradient caused a reduction in the potential for 
surface flow. Infiltration was impeded by the B2 horizon, and SLF dominantly 
through macropores occurred through the A2 horizon. The pattern of mottling, 
redox alterations and leaching in the deeper horizons indicates that these 
horizons were subjected to a fluctuating watertable, and that the profile may be 
saturating from the bottom up. The C horizon and 2B25 horizon have spent a 
long period saturated, although it was not permanent because mottling still 
occurred. However, it is not clear whether this was a feature resulting from the 
. 
. . 
current environment, or from historical hydrological conditions. The 2B23 
horizon and possibly the 2B22 have been in the zone of frequent fluctuation of 
the watertable. 
4.4.3 Zone 3: Midslope zone 
The soil profile on the Midslope Zone below the tree belt was similar to that of 
the Waning-Midslope. However, the soil colours were generally duller, and there 
was more mottling and redox aggregations. This indicates that there was more 
saturation in this zone. 
The total depth of the profile was similar on the Midslope (up to 6.7m) to the 
Waning-Midslope (average 6m). There was an additional horizon on the 
Midslope between the B2 and 2B22 horizons, 0.50m thick, and it had a sandy 
light to light-medium clay texture. It was high in Fe and Mn aggregations 
recording 22% and 12% respectively, with no mottle in a brown to very pale 
brown matrix. Because this horizon lay beneath the boundary of the current and 
buried soil, and had a light texture and colour, it is believed to be a relict A2 
horizon buried by fan deposition. Therefore, this horizon was designated to be a 
. 2A2. Calcium and magnesium concentrations were small in the 2A2 horizon 
(3.4cmol/Kg and 2.1 cmol/Kg, respectively), and higher in the B2 horizon above 
(4.9cmol/Kg and 2.9cmol/Kg) and 2B22 below (5.1 cmol/Kg and 6.0cmol/Kg). 
Figure 4.10 shows that the normalised CEC was also lower in the 2A2 horizon 
(20%), compared to the B2 (25%) and 2B22 (33%) horizons. 
These properties indicate that this horizon had experienced significant periods 
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of transient saturation and leaching, which may have moved as SLF. However, 
the normalised CEC range over the whole profile indicates that there was more 
leaching through the whole soil profile in this zone compared to the Waning-
Midslope. 
Figure 4.7 shows that the texture of the horizons on the Midslope (Zone 3) was 
dominated by sand. The texture ranged from sandy clay loam in the A2 horizon, 
to sandy medium-heavy clay in the 2825. There was less coarse sand and a 
subtle increase in the· fine sand, clay and silt content compared with the 
Waning-Midslope. This indicates an observable presence of aeolian material, 
defined as particle size of <2µm and 16 to 63µm (Chen et al., 2002). The A 1 
horizon on the Midslope had slightly more clay and silt than the A 1 horizons in 
the Waning-Midslope, with a texture range from loam to sandy clay loam. In the 
A2 horizon the average PSD was 41 % clay, 13% silt, and 46% sand (Figure 
4. 7). However, the range in the PSD results within the Mid slope extends from 
29% clay, 16% silt and 55% sand just below the tree belt, to 53% clay, 11 % silt, 
and 36% sand at the runoff collection equipment. The rapid increase in clay 
content may be due to aeolian material, which appeared to be present on the 
Lowerslope. There may be a boundary of a concentration of aeolian material 
located near to the runoff collection equipment. Aeolian material is discussed in 
more detail in Section 4.4.4. 
There was also variation in the texture of the 2825 horizon within this hillslope 
zone. Just downslope of the tree belt (see piezometer P506 in Figure 3.9), the 
PSD of the 2825 horizon was 47% clay, 12% silt and 41% sand, while further 
downslope (P706) the PSD was 27°/o clay, 18% silt and 55% sand. The 
difference may be explained by the occurrence of landslips and fans on the 
hillslope, discussed in Section 4.1. Landslips occur rapidly, thus not allowing 
time for soil and rock material to be sorted (reviewed in Walker and Butler, 
1983). But the loose material from a landslip is a large sediment source that can 
be washed by sequential rainfall events, forming alluvial fans of sorted material 
downslope of the BOS. The finer material would be transported further than the 
coarser. Deposition within a particular runoff path would eventually fill that path 
and fl_ow would flip to a new drainage line. In this way, several fans can form 
overlapping each other with materials of differing textures. Thus the different 
PSD in the 2825 horizon at the two locations on Midslope may be a reflection of 
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the localised deposition during fan development. 
A complete soil moisture characteristic curve was measured for the A2 and B2 
horizons using small cores sub sampled from the large cores. The curves, 
shown in Figure 4.11, demonstrate that at large potentials the A2 and B2 
horizons had similar water holding capacities, with values of 0.35 and 
0.32m3/m3 respectively, and their field capacities were both 0.28m3/m3• 
However, the A2 horizon had a permanent permanent wilting point (-1500kPa 
potential) of 0.09m3/m3, whilst the B2 horizon had a permanent permanent 
wilting point of 0.17m3/m3. This difference was likely due to the higher clay 
content in the B2 horizon. 
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Figure 4.11. Soil water characteristics for the A2 horizon and 82 horizon, derived from the 
small cores sub sampled from the large soil cores taken from the bottom of the runoff 
collection area. The error bars represent one standard deviation 
The A2 horizon was notably lighter in colour on the Midslope than on the 
Waning-Midslope, with a light grey to very pale brown matrix and in some 
locations classifiable as bleached (McDonald et al., 1990). It had yellow-brown 
to grey-brown mottling, and contained Fe and Mn aggregations. The calcium 
and magnesium concentrations were again low in the A2 horizon (3.2cmol/Kg 
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and 0.8cmol/Kg, respectively) and higher in the 82 horizon below (4.9cmol/Kg 
and 2.9cmol/Kg respectively). This may be indicative of significant saturation 
and SLF events. However, the normalised CEC, given in Figure 4.10 was 
similar in the A2 horizon (21 %) compared to the 82 horizon (25%), which 
indicates that a high degree of leaching occurred in both horizons. 
The A2 horizon varied in thickness within the Midslope zone, being 0.30m thick 
near the tree belt, 0.37m thick in the middle of the Midslope zone, and 
decreasing again to 0.26m near the runoff equipment. Any SLF that occurred 
through this horizon was likely to be concentrated downslope where the soil 
became thinner. This would accelerate saturation, and may return water back to 
the surface to then move as surface flow. 
The bulk density of the A2 horizon was 1.62g/cm3, or 39°/c> total porosity using-
results from the large soil cores, and 1.58g/cm3, or 40% total porosity from the 
small cores. The almost negligible difference between the two measurement 
methods allows confidence that the small soil cores were able to give a rapid 
and meaningful estimation of the soil porosity. 
The 82 horizon on the Midslope was slightly greyer than the 82 horizon on the 
Waning-Midslope, with a yellow-brown to grey-brown colour. It had 12% mottle 
and Fe and Mn segregations (4% and 6%, respectively) indicating that the 82 
horizon here was less well drained than in the Waning-Midslope. On the 
Midslope the 82 horizon slaked,and had a bulk density of 1.71g/cm3, or 36% 
total porosity - slightly less than the A2 horizon. It also had a smaller water 
holding capacity than the horizon above, and along with instability, it was likely 
to impede vertical drainage and assist in saturation of the A2 horizon. As 
already discussed in Section 4.3.3 the lower range in the saturated hydraulic 
conductivity was smaller in the 82 horizon (1 mm/hr) than in the A2 horizon 
(43mm/hr) but a value of 2500mm/hr was also measured in the 82 horizon, 
indicating macropore flow. Therefore the distribution of saturation in the A2 
horizon on the Midslope would be strongly controlled by the distribution of 
macropores in the 82 horizon. 
All buried horizons were brown to yellow-brown. Mottling increased with depth 
to its largest value at 50% in the 2823 horizon. The two horizons nearer the 
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surface (2B22 and 2B23) had red mottles, which indicated some Fe existed in 
the oxidized form, and therefore saturation was intermittent. But in the 2B25 
horizon the mottles were brown-yellow and white, indicating that the Fe was in a 
reduced form. The abundance of Fe segregations remained low with the 
exception of the 2B25 horizon, where it was 10%. The Mn abundance generally 
remained between 3% and 5%. 
The ESP was low from the surface down to the 2B22 horizon, but the 2823 and 
2B25 horizons both had a high ESP of 10.9% and 13.2% respectively. This may 
be a reflection of the presence of aeolian material at depth. The PSD for the 
2823 and 2825 horizons had a small proportion of coarse sand compared to 
fine sand, which is one of the characteristics of aeolian material (Figure 4.7). 
Aeolian material is also noted to have strong structure in well-drained sites 
(Butler, 1956) but here where the profile was generally massive, the· 2823 and 
2B25 horizons have a weak structure. It may be that the 2823 and 2B25 
horizons were exposed on the surface when the aeolian deposition occurred. 
Since then, these horizons could have been buried by developing fan, and thus 
still hold some of the salt stores and structural qualities of the aeolian material. 
Alternatively, the concentration of salt at depth could result from a salty 
watertable rising through the profile, and the higher proportion of fine sand may 
also be due to erosion, sorting and deposition during fan development as 
already discussed above. 
The EC values over the profile were consistently low, with a maximum value 
recorded at the surface of 0.351 dS/m. It is likely that this measurement was 
contaminated by cattle urine. The exchangeable cation concentration shows a 
mixed response for different cations, but generally the 2825 horizon was low in 
cations, possibly the result of leaching. 
The pH trend over the profile was acid to neutral for the surface horizons (A 1, 
A2, and B2), varying from 6 to 7 .8 (Figure 4.8). The buried horizons were 
neutral to alkaline, with a range from 6 to 8.5 and an average of7.0. This is 
more acid than the buried horizons on the Waning-Midslope. On the ·waning-
Midslope the alkalinity increased with depth, but here on the Midslope the pH in 
the 2823 horizon was acid (pH = 6). A possible explanation for this behaviour is 
that the buried horizons on the Midslope were more leached than on the 
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Waning-Midslope. The leaching could have removed the bases and reduced the 
pH, and may have occurred from a fluctuating watertable. 
Evidence again implies that saturation and SLF was occurring in the A2 horizon, 
like on the Waning-Midslope, and also occurred in the buried A2 horizon (2A2). 
Also, evidence indicates there was a rising watertable over the bedrock with 
water fluctuation impacting on the 2B23 and less frequently the 2B22 horizon. 
4.4.4 Zone 4: Lowerslope zone 
The soil profile in the valley bottom was investigated down to a depth of 7 .15m 
to correlate with the horizons identified on the Midslope, although it is known 
from soil coring that the depth to bedrock exceeded 15.Om. A watertable was 
found at approximately 1 Om below the surface, making it difficult to extract 
samples for profile description below that depth. 
The soil profile in the Lowerslope Zone consisted of two surface horizons (A 1 
and A2), which had similar depths to the corresponding horizons in the 
Midslope zone. Below were two clay-rich B2 horizons (B21 and B22), with lower 
boundaries of 1.2Om and 1.8Om, respectively. Down to 3.15m was a light 
textured horizon, which may have been a continuation of the buried A2 horizon 
(2A2). Underneath was a series of horizons high in coarse sand and clay. They 
were the 2B22 (3.15m to 3.95m) and 2B23 horizons (3.95m to 5.1 Om), an 
additional B horizon (2B24: 5.1 Om to 5.8Om) and the 2B25 horizon (5.8Om to 
7.15m). 
The textures of the top four horizons were distinctly different from those of the 
soils elsewhere in the study catchment. The surface field textures were still 
classified as loam to sandy" clay loam, but the PSD curves shown in Figure 4.7 
show that the A 1 and A2 horizons had a high proportion of fine material 
compared to the granite based soils in the Upperslope. They had roughly equal 
portions of clay, silt and sand with the A 1 horizon having 34% clay, 35% silt, 
31 % sand and the A2 horizon having 34% clay, 33% silt, 33% sand. The B21 
horizon also had a significantly high proportion of clay, with a PSD of 61 % clay, 
13% silt and 26% sand. The 2A2 horizon had a texture higher in sand with 29°/o 
clay, 11 % silt and 60% sand, and a high proportion of that was fine sand. The 
high proportion of clay and fine sand in these horizons was indicative of 
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formation from aeolian material. The higher proportions of silt are likely to result 
from movement of fine material from upslope. The structure of the 821 and 822 
horizons was medium to strong, again typical for soil derived from aeolian 
material (Butler, 1956). 
Conversely, the 2823 horizon had a lesser clay content and greater coarse 
sand content, similar in this respect to the corresponding horizons on the 
Midslope that were derived from the granite bedrock (PSD 34% clay, 14°/o silt 
and 52% sand). The 2825 horizon was very high in clay with a PSD of 67% 
clay, 12% silt and 21 % sand. This concentration of clay at depth may occur 
. because the horizon was once closer to the surface and was subject to an 
aeolian deposition, but it could also be the results of having once been 
subjected to a concentrated deposition of material during fan development as 
discussed in Section 4.4.3. 
In colour, the A 1 horizon was dark grey-brown with 0% to 2% light grey mottle 
and evidence of oxidation along root channels. The A2 horizon was bleached, 
colour ranging from light grey to white. It had 0% to 10% brown to dark grey 
mottle, most likely surface material that had moved down the profile. There 
were 7% Fe segregations and 10% manganese segregations. This indicates 
prolonged periods of saturation and leaching out of the horizon have occurred. 
Once again, the A2 horizon had considerably fewer exchangeable cations 
compared to the 82 horizon, which continued to support the evidence for SLF 
through the A2 horizon. The normalised CEC was low in the A2 horizon (18%) 
com.pared to the 82 horizon (45% ), which again implies that leaching occurred 
through the A2 horizon and was not significant in the 82 horizon. 
The 821 horizon was dark grey, with 20% dark grey-brown mottle, no Fe 
aggregations, and 13% Mn aggregations. As it is known that in well-drained 
conditions aeolian material is typically red, this horizon must have been 
saturated for a prolonged period of time to completely leach the Fe from the 
horizon, leaving the matrix a dull grey as it was here. In the Ten Mile Creek 
Catchment, this type of soil has been noted for its low permeability (Heartlands, 
2003), which would impede vertical drainage and boost saturation in the A2 
horizon. 
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The 822 horizon was light grey-brown, with 20% mottle and an average of 6% 
Fe and 6% Mn. This indicates it was more aerated than the horizon above 
(821 ), although it was still periodically saturated to produce the redox 
segregations. It does not seem physically likely that it is less waterlogged than 
the horizon above, but other mechanisms can also influence the reduction and 
leaching of iron. For example, organic matter is required to provide the energy 
for the bacteria to reduce the Fe (Fitzpatrick, 1988). Plant roots may have been 
present within the 821 horizon to enable the complete reduction and leaching of 
iron. However, the low permeability of the 821 horizon may prevent the shallow 
rooting pastures from growing into the 822 horizon, therefore starving them of a 
source of organic matter to help completely reduce and leach the Fe. This 
property highlights that the interpretation of the alteration of Fe must be 
approached with caution. In this case it was possible that the 822 horizon was 
being saturated from a fluctuating watertable from below. The periodic 
saturation would allow the development of the redox alterations, but the 
possible lack of organic matter may have prevented the complete leaching of 
the Fe (Vepraskas, 1992). 
From the 2A2 horizon down to the 2825 horizon, the soil colour was generally 
brown to yellow-brown. Figure 4.6 shows the alternation in the abundance of 
mottling in the buried horizons. The horizons closer to the surface (2A2 and 
2822) had 10% yellow-brown mottle, and the deeper horizons (2823 and 2825) 
had 50% light grey mottle, while the 2824 horizon had 20% brown mottle. 
Figure 4.6 also shows the patterns in the other redox segregations. The 
· abundance of Fe did not exceed 10%, and there was also a trend occurring 
where no Fe corresponded to a high mottle (40% to 50%) and the presence of 
Fe corresponded to less mottling (10% to 20%). 
The abundance of Mn segregations never exceeded 10% in the buried 
horizons, with the highest percentage in the 2822 and 2823 horizons, and none 
recorded in the 2A2 and 2825 horizons. From this, it appears that the 2A2 and 
2823 horizons had a medium to low degree of periodic saturation notable 
because there were not any Fe segregations but there was mottling. The 2822 
and 2824 horizons were subject to greater periods of saturation and less 
fluctuation, as indicated by Fe segregations and less mottling than in the 2A2 
and 2823 horizons. It was not clear how horizons that experience a shorter 
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duration of saturation (2A2 and 2823) can be separated by horizons that have 
greater periods of saturation (2822 and 2824 ), but it was clear that the buried 
soils on the Lowerslope experienced a significant degree of saturation that may 
extend up as far as the 822 horizon, and may have even been responsible for 
maintaining saturated conditions in the 821 horizon. 
The 2825 horizon had no Fe or Mn aggregations, but it was a light yellow-brown 
colour, with light grey mottles. Therefore saturation may have been to the extent 
that the Fe and Mn had been leached out of that horizon. 
EC was highest on the surface (0.56dS/m), and low in the other horizons. 
However, 50m along the valley there was evidence of surface salinity and the 
surface EC was measured as 8.2dS/m, well above the threshold for saline soils 
of 1.5dS/m from a 1 :5 soil water extract (Cummind and Elliot, 1991 ). The ESP 
was high in the 821 horizon (13.4%), down to the 2825 horizon (10.1 %). The 
aeolian horizons (821 and 822) were likely to be high due to an influx of salt 
into the region with the aeolian material. The salt store could have then been 
concentrated on the Lowerslope by water movement. Assuming vertical water 
movement through the 821 horizon was limited, reflected by its colour, evidence 
of saturation and the high normalised CEC, it is not likely that vertical drainage 
could provide the sodium to maintain a high ESP into the granite dominated 
soils below. Therefore it is more probable that the high ESP of deeper horizons 
(2825, 2823) resulted from a rising watertable, as was possibly the case in the 
Waning-Midslope and Midslope zones. 
The pH trend in this zone show·ed a rapid increase from acid-neutral (5.5 to 7 .5) 
for the A 1 and A2 horizons, to alkaline (9 to 9.5) in the 821 and 822 horizons 
respectively. The granite-derived material below the aeolian horizons 
maintained an alkaline trend with pHs of 9. The consistently high pH from the 
821 horizon down to the 2825 horizon indicates a concentration of bases, and 
no significant leaching out of the profile. Considering the topographic gradient 
was low, it is quite likely that lateral drainage from the deep horizons was 
limited. 
It appears that the vertical drainage out of the A2 horizon was impeded by the 
82 horizon, and consequently the A2 horizon had experienced extended 
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periods of saturation. The A2 horizon was well leached, but lateral movement 
would be slow in this region because of the low topographic gradient. 
Consequently, it is likely that saturation excess surface runoff occurs. Surface 
pugging, salinity scalds, and dominance of high water-use plants also indicate 
that this was a very wet area. It also appeared that the lower horizons were 
being wet from a rising watertable. The degree of mottling and redox 
aggregation in the deeper horizons indicates that there was a fluctuating 
watertable at depth, but it is not clear as to the boundary of the fluctuations. 
The complicated relationship may be due to variation in the ability of the soil to 
produce redox segregations, influenced by such factors as the presence of 
soluble organic carbon (Vepraskas, 1992). The concentration of bases (i.e. high 
pH) and consistently high ES_P indicates that there was not much rapid lateral 
movement of the deeper groundwater out of the valley. Therefore, with 
restricted lateral movement over the surface due to the topographic gradient 
and at depth, it is possible that the profile was filled from the surface down and 
from the bedrock up, and at certain times of the year the two wetting fronts meet 
and completely saturate the landscape. 
4.4.5 Summary and conceptual model 
The conceptual model of water flow paths at the field site is presented in Figure 
4.12. To summarise, it appears that at the field site there were four lateral water 
flow paths down the hillslope. The first is surface runoff, which would be the · 
major lateral component off the steep rocky upper slopes. However, it is likely 
that a significant amount of surface runoff infiltrates below the BOS, due to the 
rapid change in the hillslope gradient. Of the water that does infiltrate into the 
Upperslope, a small percentage may move as SLF but the majority of the water 
would move through the 82 horizon and into the C horizon, where it can then 
move laterally on top of and through the saprolite and over the solid bedrock. 
At the BOS, some water will remain as surface runoff, and may move to the 
valley bottom as surface runoff, but the low gradient promotes infiltration into 
the profile. Some of the water that infiltrates will move vertically, but with the 
saturated conditions that appear to occur periodically, water will move laterally 
through the A2 horizon to the bottom of the hillslope. This implies that the 
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Figure 4.12. Conceptual hydrological model of the field site based on the interpretation of the topography and soil properties. 
gradient of 10°/o to 15% in this location on the hillslope is sufficient to move 
water laterally. Soil pugging on the surface just downslope of the runoff 
collection equipment indicate that the surface gets saturated here. Thi~ 
behaviour is likely to be complete saturation of the A1 and A2 horizons due to 
impeded drainage from the 82 horizon 1 and will initiate saturation excess 
surface runoff downslope. This process would be expedited by the decrease in 
the thickness of the A2 horizon on the Midslope. 
It is not clear whether the dominant source of water for lateral flow in the 2A2 
horizon is lateral flow from upslope or some vertical drainage through the 82 
horizon. But it does seem that once water ~as infiltrated into that horizon, 
saturation and lateral flow occurs. 
There also appears to be water moving laterally on top of the bedrock1 and 
through bedrock fractures. The shallow sandy soils in the Upperslope are an 
important intake area for the water that supplies this flow path. The bedrock flow 
accumulates on the Waning-Midslope and Midslope to generate a rising 
watertable, which fluctuates seasonally. 
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watertable, which fluctuates seasonally. 
At the bottom of the slope the surface runoff - both infiltration and saturation 
excess and the SLF through the A2 horizon - cause saturation and waterlogging 
because infiltration is impeded by the B2 horizon and SLF is restricted by the 
small gradient of 4%. Also, the lateral flow on the bedrock accumulates and 
appears to cause a watertable that can fluctuate up to nieet the water moving 
down vertically from the surface in wet periods. This process generates a very 
wet landscape. 
4.5 Chapter Summary 
This chapter presented a description of the field site including the 
geomorphological history, topography, land cover and soil stratigraphy. The 
topography and soil properties over the site were then used to infer the horizons 
and hillslope zones that are most significant in the hydrological response of the 
hillslope. The key components of this research were: 
* The major geomorphological processes at the field site were 
typical of a large area of the southwest slopes of New South 
Wales and northeast Victoria including water erosion and 
deposition and aeolian deposition. 
* The major processes for each hillslope zone were local 
landslips and consequential erosion on the Upperslope, 
aggradation of sediment leading to the development of fans on 
the Waning-Midslope and Midslope, and aggradation of 
aeolian and other fine material on the Lowerslope. 
* There was a high degree of uncertainty with the tube-well 
permeameter measurements of the saturated hydraulic 
conductivity due to. the smearing' and slaking of the soil. This 
was discussed in detail in Section 4.3.2. 
* The number of replicates required to accurately estimate the 
saturated hydraulic conductivity over an area was discussed, 
and it was recommended that an estimate of the conductivity 
was sufficient to assist in locating tree belt plantations. 
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* The lower value of saturated hydraulic conductivity was greater 
in the A2 horizon compared to the B2 horizon being from 
43mm/hr and 1 mm/hr respectively. The distribution of the 
areas in the B2 horizon that are less permeable would have a 
strong control on the distribution of saturation. 
* Macropore flow was significant in both the A2 and B2 horizons, 
on average accounting for 650mm/hr and 545mm/hr 
respectively. 
* Four potential major lateral flow paths were identified: surface 
runoff, SLF through the A2 and 2A2 horizons and flow along 
the bedrock and through the bedrock fractures. 
The hydrological conclusions from the field site are presented in the next two 
chapters~ In Chapter 5 a simplified water balance model is developed for the 
site and in Chapter 6 the key lateral flow paths are identified according to the 
hydrological measurement in the field. Analysis of the field data is used to 
validate the significance of the lateral flow paths identified in this chapter, and 
therefore test the potential for soil properties to be used as indicators of 
significant lateral flow. 
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Chapter 5 Investigation of Water Balance at the Field 
Site 
This chapter uses the information from the data collected at the fie.Id site to 
formulate a general water balance model for the field site, accounting for 
rainfall, evapotranspiration and then excess water that may move vertically or 
laterally. The results and interpretation of the climate at the field site over the 
sampling period are presented. Temporal and spatial changes in the soil water 
content are used to infer hydrological processes over the hillslope and to 
support a simple water balance for the hillslope, highlighting the 
evapotranspiration and excess water generated at various locations over the 
field site. Next the surface runoff and SLF measured at the field site are · 
discussed, with reference to the way flow varies with rainfall and antecedent soil 
water properties. 
5.1 Rainfall and Evaporation 
The total rainfall over the monitoring period (August 16, 2001 until October 10, 
2003) was 1440mm, averaged over the four automatic gauges at the site. In the 
calendar year of 2002 the total rainfall was only 539 mm, well below the long-
term average of 695mm for the Holbrook area (Queensland Department of 
Natural Resources, 2003). This illustrates the effect of the drought, which was 
expressed in most areas of Australia. Rainfall over the same period for each 
gauge was 515mm, 552mm, 564mm and 524mm for the bottom, 
meteorological, middle and top gauges respectively (Figure 3.9). 
The daily potential evaporation was calculated using the climate data collected 
from the site, according to the method given in Section 3.5.2. From August 15, 
to September 4, 2003 the meteorological station at the field site was recording 
erroneous data. For that period an estimate of the actual evaporation was taken 
from the patched data set for Holbrook Post Office (Queensland Department of 
Natural Resources, 2003). 
The total monthly rainfall and potential evaporation for the study period are 
plotted in Figure 5.1. October 2003 was not included because there were 
missing data in that month. The plot illustrates that the potential evaporation 
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was greater compared to the rainfall, and in all but 5 of the 25 months. The 
periods where rainfall exceeded the evaporation are within the winter periods of 
both years (June to July 2002 and June to August 2003). Low rainfall in the 
drought period from October 2002 through to May 2003 is apparent, particularly 
the low spring rainfall in 2002. 
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Figure 5.1 Monthly rainfall measured at the meteorological station on the field site, and the potential evaporation (E0 ). 
The total daily rainfall averaged over the four on-site automatic gauges is shown 
in Figure 5.2. The highest daily rainfall was 70.4mm in the middle gauge on the 
August 13, 2003. The next four highest daily rainfalls were 52mm in the middle 
gauge on the September 16 2002, 47.4mm in the meteorological station gauge 
on February 4, 2002, 43.2mm in the middle gauge on July 23, 2003, and 
36.6mm in the meteorological station on August 23, 2003. 
Figure 5.3 shows the daily rainfall measured in the gauge at the meterological 
station, plotted against the daily rainfall recorded in the bottom (RB), middle 
(RM) and top (RT) gauges. If the rainfall in each gauge was equal then a linear 
fit of the data would have a gradient of 1.0, and an R2 value of 1.0. The linear 
trendline, with equation and R2 goodness of fit, are shown for each. On 
average, the middle gauge recorded more rainfall per day than at the 
meteorological station - because the gradient of the linear fit was greater than 
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one. The bottom gauge on average recorded slightly less rainfall than the 
meteorological station, and the top gauge recorded even less, with a gradient of 
the linear fit 0. 777. The top gauge rainfall had the greatest variation with the 
meteorological station rainfall as it had the worst linear fit with an R2 of 0.8164. 
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Figure 5.2 Average daily rainfall for the four on-site automatic gauges over the sampling period. The 5 greatest daily rainfalls referred to in the text are marked. 
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The distance between the top and the bottom rain gauge was 1002 m, and the 
change in elevation was 109 m. With such a small range, it is unlikely that the 
variation between rainfalls was due to topographic effects. Natural variation in 
rainfall volumes within localised storms is a much more likely explanation, as 
the eye of a storm could move over some gauges, while only the drizzle on the 
edges was detected in others. Faults with the equipment may have also 
contributed to differences in the rainfall, as would instrumental uncertainties. 
The top rain gauge in particular malfunctioned and stopped recording rainfall 
during some periods. No specific reason for the equipment fault could be 
identified. 
Figure 5.4 shows the rainfall measured in each gauge for selected rainfall 
events, the days that recorded the five highest daily rainfalls mentioned above. 
These values are based on events, where the end of the event is defined by at 
least 1 hour when no rain fell; therefore the values in Figure 5.4 may not equal 
those in Figure 5.2. There was variation in the rainfall across the field site but no 
consistent trend in which gauge received the hig_hest rainfall is clearly 
identifiable. Data were omitted from the plot if there was fault with the 
equipment during the event. Errors with the measuring equipment such as with 
the top rain gauge discussed above illustrate that where feasible, duplication of 
· measurement is useful, especially when measuring a factor as important to 
hillslope hydrology as incident rainfall. 
Table 5.1 presents the summary statistics for selected rainfall events recorded 
-in the sampling period. The events include those with high peak intensities, and 
those with the largest volumes (i.e. greater than 40mm shown as shaded in 
Table 5.1 ). 
The rainfall events that recorded the largest total rainfall were dominantly low 
intensity events (i.e. intensity less than 40mm/hr). The event on the August 13, 
2003 was an exception with a peak in intensity of 44mm/hr and the largesttotal 
volume of 51.2mm. The longest event, recorded on February 4, 2002 lasted 15 
hours and 18 minutes while the shortest event only lasted 54 minutes 
(December 6, 2001, Event C in Table 5.6). The highest rainfall intensity for the 
observati_on period, 72 mm/hr, was recorded in the event on December 6, 2001. 
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Table 5.1 Summary statistics for rainfall events, as recorded in the meteorological gauge for selected events from sampling period, also shown in Figure 5.4. The shaded events are those that recorded the large volume of rainfall (i.e. greater than 40mm). 
Date 
12/09/2001 
6/12/2001 
23/08/2003 
24/08/2003 
1/10/2003 
Duration 
(hr:min) 
1 :36 
0:54 
10:06 
7:48 
8:36 
Peak intensity 
(mm/hr) 
44 
72 
10 
6 
16 
Mean intensity 
(mm/hr) 
8.7 
16.0 
3.5 
1.8 
3.3 
Event Volume 
(mm) 
13.0 
16.0 
36.6 
14.6 
27.4 
In summary, rainfall at the field site was well below the average for Holbrook. 
The rainfall in the calendar year of 2002 was 22% below the long-term average, 
but still within one standard deviation of the mean. The seasonal distribution of 
rainfall was still evident, with rainfall mainly occurring in the winter. In these 
times rainfall exceeded potential evaporation. Winter rain dominantly fell in low 
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intensity events that continued for up to 15 hours. High intensity events (i.e. 
peak intensity greater than 40mm/hr) were recorded in all seasons. The peak 
intensities reached 72mm/hr, but the duration of these events were generally 
short, with the shortest only 54 minutes long. 
5.2 Trends in Soil Water Content 
For the analysis of the soil water content over the hillslope and subsequent 
hydrological analysis, the Waning-Midslope Zone (Zone 2), as referred to in the 
site description in Chapter 4; was divided in two segments. The additional 
division allows separate consideration of the effect of pasture versus tree cover 
on soil water content. The first segment, Zone 2(P), supports pasture, and 
extends from the topographic BOS down to the tree belt (see Figure 4.1 ). The 
second is the tree belt, Zone 2(T). 
Figure 5.5 shows the average volumetric soil water content (m3/m3) down the 
soil profile for each hillslope zone. The average Neutron Moisture Meter (NMM) 
value at each depth in each zone is plotted to show the periodic drying and 
· wetting phases for each. The drying trends were taken from the data from 
September 5, 2001 until January 8; 2002. This phase was selected to show a 
drying period from when the water content was close to, or at, field capacity. 
The Midslope was an exception due to the late installation of the 6m neutron 
access tubes. Additional sampling data (outside the continuous sequence) have 
been included in some instances in Figure 5.5 to illustrate the driest or wettest 
states during the period of observation. The wetting trends were typicalty from 
April 2003 to October 2003. The volumetric soil water contents on the 
Lowerslope were particularly large at 0.6m3/ m3 . 
It is believed that the NMM calibration was not accurate for soil dominated by 
aeolian material, see Section 4.4.4, and this having resulted in overestimated 
the soil water contents in that zone. The measurements were therefore able to 
highlight trends in the soil water coritent becau.se the same calibration equation 
was .applied to all the data, but they were not appropriate to estimate absolute 
soil water contents. It is also important to emphasise that the soil water content 
measurements were a point sample in time (i.e. they were not continuously 
recorded). A measurement sequence shows only the net change in the soil 
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Figure 5.5 Summary of the key discussed in Section 8.5, for estimating the likelihood of surface runoff, SLF and a watertable at a potential tree belt plantation site 
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water content. Water input is made up of rainfall and run-on or SLF from 
upslope, and water losses are due evapotranspiration and/or vertical and lateral 
flow. The NMM does not directly measure these fluxes but the change in the 
soil water storage, which is an important component of the water balance and 
can be used with other information to infer hydrological processes. 
Soil water content may only remain constant aLa particular depth if the volume 
·of water flowing into the soil is equal to the water loss from evapotranspiration, 
vertical and lateral flow. It is assumed that if the soil water content is below field 
capacity then significant vertical and lateral flow cannot occur and therefore 
evapotranspiration causes any decrease in the soil water content. Based on this 
assumption the depth of drying was used to estimate the rooting depth in each 
hillslope zone, a simpler method based on the same theory as work by Musters 
and Bouten (1999). The maximum drying depths for each hillslope zone in 
summer 2001-2002 and summer 2002-2003, obtained from Figure 5.5, are 
given in Table 5.2, with the exception of the Upperslope. That zone was not 
included because drying occurred up to the depth of measurement (1 m) so it 
was not possible to find the rooting depth. 
With the exception of the Waning-Midslope under pasture, the drying depths 
were greater in summer 2002-2003 than in the previous summer (2001-2002). 
This may be a reflection of a chang~ in the type of vegetation and/or the rooting 
depth, but is more likely to be due to the available water content. As the volume 
of water in the shallow store decreased, the plants may have reached to search 
for water from deeper stores. There had been 12 months of drought between 
summer 2001-2002 and summer 2002-2003. It is therefore indicated that the 
plants preferentially used near-surface water and only ·extracted deeper water 
Table 5.2 Maximum depth at which drying occurred on the Waning-Midslope under pasture (2(P)) and trees (Z2(T)), Midslope (23) and Lowerslope (24) in summer 2001-2002, · 
and summer 2002-2003. Values were obtained from Figure 5.5. 
Hillslope Zone 
2(P) 
2(T) 
3 
4 
2001-2002 
220 
300 
140 * 
50 
2002-2003 
220 
500 
300 
220 
* The depth for 23 is from October 2002, because the 6m neutron access tube was not installed in summer 2001-2002. 
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when near surface stores were no longer available. This behaviour is discussed 
further below with reference to water use in the tree belt. 
Using Table 5.2 the rooting depth underneath the tree belt Zone 2(T) was 
· 500cm, at least 200cm deeper than underneath the pasture (Zones 2(P), 3 and 
4 ). Trees are well documented to have deeper rooting systems than many 
agricultural pastures (e.g. Dunin, 2002). 
The soil water content data collected at the Holbrook field site throughout the 
drought period also provides an estimate of the permanent permanent wilting 
: point. The Acacia melanoxylon species began to die in February 2003, while the 
Eucalyptus saligna species in the tree belt did not show signs of stress. As 
there had been drought for 19 months, and only one species in the tree belt 
began to suffer, it is proposed that the acacia species died from water stress, 
and hence a bulk average of it's permanent wilting point can be estimated by 
the soil water content within the rooting depth beneath the tree belt in February 
2003. Assuming the rooting depth of the Acacia trees is 5m, and the soil water 
deficit below field ·capacity at this time was 354mm (which equates to 1197mm 
of water), the .permanent permanent wilting point for that soil was 0.2m3/m3. · 
. Figure 5.6 shows the field capacities as volumetric soil water contents from the 
laboratory and field measurement methods (Section 3.4.2.4 ). The field sampling 
dates were chosen to allow about two days drainage between rainfall and 
measurement, and the soil water content was wet but there was no evidence of 
saturation. The Lowerslope was omitted from this study due to errors in the 
NMM calibration. The field data are from August 28, 2003 for the Upperslope 
(Zone 1 ), October 9, 2003 for the Waning-Midslope under pasture (Zones 2(P)) 
and Midslope (Zone 3), and 'September 5, 2001 for the tree belt (Zone 2(T)). 
There was not much variation between the laboratory and in situ estimates of 
field capacity, nor was there much variation in field capacities between the 
Upperslope to the Midslope, likely because the soils in these zones are similar 
(Section 4.4 ). The Lowerslope was excluded from this analysis because there 
was too much uncertainty in the field capacity values due to problems with the 
calibration of the NMM for the soil on the Lowerslope dominated by aeolian 
material. 
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Volumetric Soil Water Content (m3/m3) 
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Figure 5.6 Field capacity for various soil depths measured in the laboratory (lab), and as in the field .. 
Figure 5. 7 uses the field capacity to define the soil water content as a Soil 
Water Deficit (SWD) in millimetres below field capacity. · Field capacity has a 
SWD of 0mm, wetter than field capacity has a negative SWD, and drier than 
field capacity is positive. It shows the trends in the SWD in the top 0.5m, 0.5m 
to 2m and 2m to 6m throughout the monitoring period. Each sampling date for 
the SWD is marked individually. 
In the·top 0.5m there was high SWD through summer and autumn (December 
to May) that decreased through winter and spring (June to November), as 
expected. All zones have similar SWDs throughout the sampling period despite 
Zone 2(T) being covered in trees while the others have pasture. This may 
indicate that the vegetation cover did not significantly affect the volume of water 
Jost from the near surface horizons. It is possible that the annual species began 
to decrease evapotranspiration throughout the summer periods when they 
hayed off, but the volume of water lost to evaporation increased (Dunin, 2002) 
to maintain approximately the same total. Conversely, in the tree belt the 
surface was more shaded, and the grass cover beneath the trees was less 
depleted because it was only grazed occasionally. Therefore the water loss due 
to evaporation could be less, but the evapotranspiration may be expected to be 
more so the total is equal. 
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Figure 5. 7 Average soil water deficit below field capacity for Hills lope Zones 1 (Upperslope), 2(P) (Waning-Midslope under pasture), 2(T) (tree belt) and 3 (Midslope), at each NMM sampling date. Values have been averaged for the top 0.5m, 0.5m to 2m depth, and 2m to 6m depth. 
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There was no obvious difference in SWD between the hillslope zones from 
0.5m to 2m depth (Figure 5.7). One point worth mentioning is that the soil on 
the Midslope was consistently drier than the others from November 2002 till 
May 2003, vegetation cover being a possible explanation for this difference. The 
tree belt was located directly upslope from the Midslope, and the trees may 
spread their roots laterally to extract water (Stirzaker et al., 2002c ). However, 
the tree belt was at least 20m upslope of the nearest NMM tube on the 
Midslope, and it is unlikely that they roots reached so far. Therefore it is likely 
that the dominant vegetation in that zone, a 'weed species' Echium 
plantagineum (Paterson's Curse) with a deep rooting depth for an annual 
species ( down to 300cm implied in Table 5.2), was responsible for drying the 
soil. Following a national experiment on sustainable grazing systems White et 
a/. (2003) note that the difference in rooting depth was a major control on 
differences in soil water use under different types of pasture. 
All zones at this depth (0.5m to 2m) wet rapidly to above field capacity in August 
2003. With 130mm of rainfall between August 8 and 28, 2003, the profile wet 
· significantly at a depth of 0.5m to 2m below the surface. The sharp increase in 
the soil water content at this depth can also be seen in the wetting profiles in 
Figure 5.5. In the Waning-Midslope under pasture at a depth of 100cm to160cm 
there was a similar increase in soil water content from August 8 and 28. By the 
October 9, the soil water content at a depth of 100cm to 120cm (corresponding 
. to the 82 horizon) had dropped by 11 mm. The same trend was seen on the 
Midslope: From August 8 to 28, the soil water content rapidly increased at a 
depth of 80cm to 200cm, and by October 9 had decreased by 78mm between 
120cm to 160cm depth ( corresponding to the 82 and 2A2 horizons). 
There was no evidence that the water drained vertically in that time in either 
hillslope zone as the soil water content above and below these depths was 
essentially the same on October 9 as on the August 28. The water balance 
model discussed in the next section (5.3), which accounts for 
evapotranspiration, indicates that on the Waning-Midslope for that period there 
was 15mm of excess yvater (i.e. above field capacity) within the rooting depth. 
As there is no evidence that the water can be accounted for by vertical 
drainage, it is assumed that the water moved laterally. Using the same model 
described in Section 5.3 the Midslope Zone was predicted to have 16mm 
/ 
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excess water (i.e. greater than field capacity) between August 28 and October 
9., available to move vertically or laterally. The model underestimated the soil 
· water content on the August 28 by 70mm. Accounting for the difference 
between the predicted and actual soil water content on August 28 there was 
86mm of excess water, which means that this change in water content at this 
depth could again be accounted for by lateral flow. 
There was a similar wetting pattern in the B2 horizon from August 8 to 28, 2003 
in the tree belt zone (Figure 5.5). But there was not any evidence of the water 
significantly draining from that depth by October 9, 2003. Leaks can occur in the 
shallow NMM access tubes if the concrete seal at the bottom becomes cracked, 
and the tubes may then indicate saturation. Free water was present in the 
bottom of both 1 m NMM access tubes in the tree belt on October 9, 2003 and 
with this anecdotal evidence supports the theory that water in saturation existed 
in the tree belt at this time. If so, this indicates that lateral flow or vertical flow 
was impeded in this Z?ne. Therefore, if the changes in soil water content in the 
Waning-Midslope under pasture and Midslope do result from lateral flow 
through the B2 and 2A2 horizons as indicated above, these flow paths may not 
be connected as the tree belt was between these two zones. The lateral flow 
paths may have been disrupted when the land beneath the trees was deep 
ripped in preparation for tree planting. 
A clear difference is evident in the SWD from 2m to 6m depth between the 
hillslope zones covered with pasture and the one with the tree belt (Figure 5. 7). 
All zones started at approximately field capacity. From February 2002, the tree 
belt had an increasingly dry soil profile that peaked in summer 2003 with a SWD 
of 199mm. These data show that under the trees the soil water profile dried out 
in the top 100cm in 2001 in a manner similar to the zones covered with pasture. 
Following a longer period of drought, the trees began to dry out the soil from 
200cm to 500cm depth. This delayed response in drying at depth must be 
explained by either a change in the influx of water, or a change in the water loss 
from transpiration and vertical and lateral flow. There was no evidence of a 
change in lateral flux from upslope as there was no change in soil water content 
from above to below field capacity on the Waning-Midslope under pasture 
(Zone 2(P) in Figure 5.5). An alternative explanation, mentioned earlier, is that 
133 
Investigation of the Water Balance at the Field Site 
the trees preferentially used the soil water nearer the surface, and when the 
near surface stores ran out, the trees began to use the soil water from greater 
depths. When these stores became limited, the acacia species began to die. 
Table 5.3 The maximum soil water deficit (mm) over 6m for the Upperslope (21), Waning-Midslope under pasture (Z2(P)), tree belt (Z2(T)) and the Midslope (Z3)and the date recorded. These values were taken from the neutron moisture meter measurements. 
Hillslope Zone 
1 
2(P) 
2(T) 
3 
Date 
12/2/2003 
4/12/2002 
13/3/2003 
12/2/2003 
SWD (mm) 
163* 
185 
364 
221 
* The total depth in Uppers lope (21) was 1 m, the total depth of measurement equipment. 
The trees were able to extract soil water from depth, compared to pastures, 
particularly when the soil water content was low from December 2002. The 
maximum total SWDs measured for each zone over 6m ( except for the 
. Upperslope (Z1 ): 1 m) are given in Table 5.3. The soil under the tree belt had a 
maximum SWD of 364 mm, 100mm greater than any other zone. Assuming no 
preferential or bypass flow paths, this indicates that the trees generated a buffer 
of dry soil down to 500cm depth that could hold up to 364mm of water before 
vertical or lateral flow was likely. Therefore lateral flow upslope of the tree belt 
had the potential of being intercepted by the buffer of dry soil. 
· 5.3 Interpolating the Soil Water Content to a Simple Daily 
Water Balance 
A simple water balance model, described in Section 3.5.6, was used to 
interpolate the soil water content measurements from the NMM data to a daily 
water balance. The model is summarised diagrammatically in Figure 5.8. It 
assumes all rainfall infiltrates so uses the rainfall and the evapotranspiration, 
which varies with the soil water content, to calculate the Soil Water Deficit 
(SWD) relative to the field capacity Bt. A positive SWD means the soil is drier 
than field capacity and a negative SWD means that it is wetter. Any water 
exceeding field capacity is excess water We and is assumed to drain from the 
profile by the next day as either vertical or lateral flow. The soil depth used to 
determine the SWDs was set to the effective rooting depths for summer 2002-
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2003 given in Table 5.2. The rooting depth under the tree belt was set to 300cm 
for September 2001 until February 2002, then 500cm for the rest of the period, 
in order to reflect the 'effective' rooting depths seen in the data for autumn 2002 
and 2003. Model results are presented below. 
Rainfall t Evapotranspiration 
Rooting Depth= 
Size of Modelling Unit 
Infiltration 
Lateral 
1--• Flow 
Vertical 
Drainage 
Figure 5.8 Diagrammatic representation of the simple water balance model used to interpolate the NMM data to a daily SWD, also discussed in Section 3.5.6. 
The model was also run over the top 1 m of soil for all horizons to give daily 
estimates of the SWD which was converted to an antecedent water content for 
rainfall-runoff events. The calibration and results for that water balance is given 
in Appendix H. 
5.3.1 Model performance 
The model was calibrated manually for each hillslope zone by varying the soil 
factor s, to maximize the R2 fit between the predicted and observed soil water 
content. The soil factor controls the exponential relationship between potential 
and actual evapotranspiration (Section 3.5.6.1 ). The resultant model fits are 
shown in Figure 5.9 and the soil factors and R2 values are given in Table 5.4. 
· Note that for the Upperslope (Zone 1) the model was only run over the top 1 m 
because that was the maximum depth of measurement in that zone. 
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The model gave a reasonable fit over the sampling period with R2 values 
ranging from 0.9249 for the Midslope to 0.7461 beneath the tree belt. The SWD 
was over-predicted from September 2001 until December 2001 in all zones. 
One possible explanation for this is that the model was draining water from the 
rooting depth too quickly. All zones start with a SWD at or below field capacity, 
and the model returned a sharp increase in the SWD from the starting value but 
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this was not reflected by the field data. The assumption that all excess water is 
lost from within the rooting _depth of that zone within a day may be too rapid, 
and this could explain why all zones are reacting in the same way. This 
assumption was made to keep the water balance simple, but to compensate for 
its effect a drainage factor to account for the saturated hydraulic conductivity 
may be required. 
Table 5.4 Calibration data for each hillslope zone optimising the R2 for the whole 
sampling period (Sept 2001 to October 2003). 
Hillslope Zone 
1 
2(P) 
2(T) 
3 
Soil Factor 
2.5 
0.5 
0.8 
0.1 
0.8373 
0.9136 
0.7461 
0.9249 
At the end of the sampling period and under the trees, the model 
underestimated the SWD, compared to field values. Assuming a single 
modelling unit over the depth of 500cm means that excess· water available for 
lateral flow is not predicted until the SWD for the whole rooting depth is greater 
than field capacity. In the field, preferential saturation and lateral flow may occur 
in shallow horizons while the soil at depth is still less than field capacity. This 
would keep the SWD over the total depth (500cm) above field capacity, but 
excess water could be being lost. Under the same conditions, the model would 
accumulate water into the rooting depth until the total SWD reached field 
capacity, and would therefore show a lower SWD than m_ay be the case in the · 
field. 
From September 2001 until March 2002 there is a cumulative overestimation in 
SWD by the model of 696.4mm under the tree belt, · and a cumulative 
underestimate of SWD of 683.4mm from Feb_ruary until October 2003.Thus over 
the total simulation period the model generates 13mm of water or only 1 % of 
rainfall, over the modelled period. 
Noting these limitations and the assumptions in the model given in Section 
_3.5.6.2 some simple calculations on the water balance over the field site were 
made. These are discussed below. 
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5.3.2 Water balance results 
The rainfall, evapotranspiration and excess water (water exceeding field 
capacity), from September 5, 2001 until Octob_er 10, 2003 are given for each 
hillslope zone, with the exception of the Midslope, which starts on March 2002 
because the equipment was not installed down to rooting depth until then. The 
water balance results are given in Table 5.5. The evapotranspiration and 
excess water are expressed as a percentage of the rainfall for each zone in 
brackets. 
Table 5.5 Rainfall (Rf), evapotranspiration (ET) and excess water (We) (water content exceeding field capacity) for each hillslope zone 
Hillslope Zone Rainfall (mm) . ET (mm(% Rf)) We (mm(% Rf)) 
1 1360.4 1256.7 (92.4) 136.2 (10.0) 
2(P) 1360.4 1243.8 (91.4) 157.3 (11.6) 
2(T) 1360.4 1349.5 (99.2) 36.9 (2.7) 
3 1021.8 873.0 (85.4) 87.4 (8.5) 
Evapotranspiration accounted for nearly all the water loss from the hillslope, 
ranging from 85.4% to 99.2% of the rainfall. These values may be high due to 
the model specification that all rainfall infiltrates into the soil. Under this 
assumption, the model may predict a decrease in the SWD with rainfall when in 
the field some of the water is lost as surface runoff. A high evapotranspiration 
rate may be required to remove the water from the soil to improve the fit 
between the model and the actual SWD. Therefore if significant runoff occurred 
in a zone, the evapotranspiration may be overestimated in order for the 
predicted and measured SWD to be similar. The evapotranspiration was 
controlled by the soil factor s,, where a large soil factor generally means that 
the evapotranspiration rate is greater compared to a small soil factor. The 
.Upperslope had a soil factor of 2.5 (Table 5.4 ), well above the values for the 
other Zone_s, and was also likely to generate surface runoff because it had 
steep rocky slopes. The large soil factor would result in a large volume of 
evapotranspiration, which may be compensating for the excess water that is 
added to the soil profile that in the field is lost as surface runoff. 
Alternatively the evapotranspiration may be so high because of the drought 
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conditions that persisted throughout most of the observation period. The dry 
conditions and reduced ground cover from grazing could have caused a 
significant water loss from direct evaporation. The highest evapotranspiration 
was recorded in the tree belt. In 2002, the evapotranspiration from the trees 
was 607 .9mm from 552.0mm of rainfall. This is similar to the values found by 
White et al., (2002), where a tree belt of eucalyptus species used 595mm of 
water from 445mm of rainfall. 
The Waning-Midslope under pasture (Zone 2(P)) generated the most excess 
water, 157 .3mm or 11.6% of rainfall. This zone was located just below the BOS 
so the soil profile may be wet there from an accumulation of surface runoff from 
upslope that has infiltrated (see Section 4.4.5), and the shallower rooting 
pastures. Figure 5.9 shows that excess water was produced in all zones in 
August 2003, although the prediction in tree belt was over estimating the soil 
water content for that period. 149mm of rainfall was recorded in August 2003, 
which marked the end of the drought. This volume of water appears to have 
been sufficient to saturate much of the hillslope, with the exception of the tree 
belt. 
Excess water was also produced in July 2002 in the Waning-Midslope under 
pasture (Zones 2(P)) when the rainfall was much less (65.8mm). This 
corresponds to a period .when the monthly rainfall exceeded the potential 
evaporation (Figure 5.1 ). It indicates that excess water was produced more 
readily in the Waning-Midslope Zone under pasture than on the Upperslope, \in 
the tree belt and below the tree belt on the Midslope. If the excess water in the 
Waning-Midslope under pasture was lost as lateral flow, as evidence indicates, 
the tree belt appears to have intercepted the water, as there was no evidence of 
excess water under the tree belt in July 2002. This behaviour would have been 
possible as the total SWD in the rooting depth under the trees in th_at month was 
109mm. This indicates that a 50m wide tree belt, a comparatively small length 
of hillslope, was able to intercept the_ lateral flow being generated from upslope. 
5.4 Surface and Subsurface Lateral Flow· -
This research acknowledges that surface runoff as well as SLF needs to be 
-- considered when studying hillslope hydrology for water sources for tree 
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plantations (Silberstein et al., 2002b ). Therefore, in the following section surface 
runoff and SLF are discussed together. 
5.4.1 Transformation of surface runoff data 
The data collected from the RBC flu mes to measure the surface runoff was 
problematic for a number of reasons. Firstly, taking into account the accuracy of 
the capacitance probe of 0.8mm, the data was noisy in some periods due to 
faults with the equipment. A filter program was written to smooth out the faulty 
data, and an example is shown in Figure 5.10. The user defined the filter-width 
and threshold capacitance. A running median filter of fixed width (i.e. the filter 
width) was applied to the observed time series. If the data value was more than 
the threshold capacitance below the filtered value, then the value was replaced 
with the filtered value. The filter-widths and threshold values were checked 
visually so the smoothed data removed the majority of the faulty values, 
· identified by a rapid and short-lived drop in the capacitance, but did not remove 
detail from the valid runoff events. The filter-widths for both flume data sets 
were finalised at 101, and the threshold capacitance values were 25 and 10 for 
the large and small flume, respectively. The corrected capacitance data sets are 
plotted in Figure 5.11. 
Additional noise was created because the flumes were open, and therefore 
water in the flume following a rainfall event was subject to evaporation, diurnal 
temperature fluctuations and disturbance by birds and other animals. These 
data were not removed from the data set, as they were not evident during runoff 
events. 
The height above the base of the flume at which water began flowing (flow-
height) had to be determined (Section 3.5.4.5). This can be identified from the 
specifications of the design as the height of the throat, but drift in the 
capacitance calibration readings meant that the flow-height changed throughout 
the sampling period. The flow-height could also vary if the probe was _not 
replaced in exactly the same position after cleaning and data collection. 
To account for instrument drift and possible human error, the flow-height was 
determined manually from the data for each sampling period using the rainfall · 
data in correlation with the peak and decay in the water depth in the flumes. 
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Figure 5.10 Example of the smoothing filter for the original data from the large flume on February 5, 2002. 
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Figure 5.11 Smoothed capacitance data without the noise from faulty equipment for the 
small and large flumes. 
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Because the large flume was closest to the trough, flow had to occur in the 
large flume before a significant volume of water could spill into the small flume. 
Therefore a rapid rise in water in the small flume, if it coincided with a rainfall 
event, correlated to the point where water was flowing through the large flume. 
The large and small flumes should register the same volume of water when they 
are both flowing, because they are measuring the same surface runoff. The 
total volumes for several runoff events are given in Table 5.6. The vertical 
drainage and evapotranspiration (Drg+ET) is inferred as the rest of the water 
Table 5.6 Summary statistics for surface runoff measured in the large and small flumes (LgFLM and SmFLM respectively) SLF, drainage and evapotranspiration (Dr9 + Et) and the 
antecedent water content Sas a percentage of saturation (%,Sat) for selected rainfall-
runoff events. fx~s~ o,'"' a.. c.o....-\e,,V'\VY\Q.V)-\- o.,'-{__Q_ =-- 1_ ~ lS\r\~ 
Date and Statistic Rainfall LgFLM SmFLM SLF Drg + Et s 
Event (%RF) (¾AWC 
11/10/2001 Vol (mm or L) 26.6 820 N/A 3066 
Event A Vol(% RF) 0.14 N/A 0.54 99:32 58 
Pl (mm/hr or L/hr) 20.0 1960 N/A 2997 
24/10/2001 Vol (mm or L) 29.6" 964 N/A 2644 
Event B Vol (0/~ RF) 0.15 N/A 0.40 99.45 68 
Pl (mm/hr or L/hr) 30.0 3170 N/A 4359 · 
6/12/2001 Vol (mm or L) 16 2448 N/A 358 
Event C Vol(% RF) 0.67 N/A 0.10 99.21 7 
Pl (mm/hr or L/hr) 72.0 · 12000 N/A 1940 
5/7/2002 Vol (mm or L) 32.6 972 783 2118 
Event D Vol(% RF) 0.13 0.11 0.29 99.59 81 
Pl (mm/hr or L/hr) 20.0 1940 2260 2704 
6/7/2002 Vol (mm or L) 15.4 678 309 1859 
Event E Vol(% RF) 0.20 0.09 0.54 99.31 106 
Pl (mm/hr or L/hr) 24.0 1850 1440 4322 
13/8/2003 Vol (mm or L) 64.4 38459 37908 7090 
Event F Vol(% RF) 2.71 2.67 0.50 96.81 83 
Pl (mm/hr or L/hr) 44.0 55200 52100 3578 
24/8/2003 Vol (mm or L) 36.8 7490 11389 8795 
(Main) Vol(% RF) 0.91 1.39 1.07 97.78 122 
Event G Pl (mm/hr or Uhr) 10.0 6280 8160 2737 
24/8/2003 Vol (mm or L) 56.6 7493 11578 14354 
(Whole) Vol(% RF) . 0.59 0.92 1.14 98.11 122 
Event G Pl (mm/hr or Uhr) 12.0 6280 · 8160 2737 · 
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Figure 5.12 Runoff hydrograph showing the rainfall, surface runoff recorded in the large 
and small flumes (LgFLM and SmFLM respectively), and the SLF for Event E. Note that 
the rainfall is plotted on the left y-axis and the lateral flow components are on the right. 
balance. The statistics include the total event volume (Vol) in Litres (L) and as 
apercentage of rainfall (% RF), and the peak intensity for a 6-minute interval 
(Pl) in millimetres/hour (mm/hr) for rainfall and Litres/hour (Uhr) for lateral flow 
(surface runoff plus SLF). S is the antecedent water content predicted in 
Appendix H as a percentage of available water content (AWC = field capacity -
permanent permanent wilting point). 
Figure 5.12 shows the flow data for both flumes over a runoff event on July 6, 
2002 (Event E in Table 5.6). Visually, the two flumes have a reasonable match 
in hydrograph response, but the volume through the small flume varies from 
being only 45°/o of the large flume volume in Event E, to being 154% of the large 
flume volume on the August 24, 2003 (Event G in Table 5.6). The large 
variation was most likely due to inaccurate flow-heights. 
When the flow-heights were finalised using the above method, a sensitivity 
analysis was conducted to investigate the effect of the flow-height value on the 
total runoff volume for the sampling period. When each sampling flow-height 
was increased by 1 mm, the total volume of surface runoff decreased by 30°/o 
(0.8mm of runoff from the runoff collection area) and 24% (0.6mm of runoff from 
the runoff collection area) in the large and small flumes, respectively. A 
decrease in the sampling flow-heights of 1 mm increased the total flow volume 
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by 59% (1.6mm of runoff from the runoff collection area) in the large flume and 
45% (1.1 mm of runoff from the runoff collection area) in the small flume. 
This shows that in terms of the percentage of runoff, the total volume of runoff is 
quite sensitive to flow-height, but as an absolute depth in millimetres of runoff 
from the collection area over 25 months, the volumes were not that significant 
(< 1.6mm, or <0.1 % of the rainfall). Sensitivity has probably been magnified 
because the sampling period fell during a drought when most events were 
extremely small. In a year with typical rainfall more large runoff events are 
expected than were recorded during the study. With larger runoff events the 
total volume is likely to be less sensitive to a small change in the flow-height. 
Further issues arise because the small flume was installed below the large · 
flume. The large flume was installed first because calculations showed that it 
would be required to measure the flow generated from a one in 10-year event 
(Section 3.5.4.3) and the small flume was installed only when the drought 
condition were confirmed, to assist in measuring the smaller flow events. This 
. meant that the static storage volume (i.e. the water pooled upslope ·of the flume 
stage) in the large flume had to be filled before water would flow into the small 
flume. The volume required to fill the large flume storage was measured in the 
field and found to be 55.5 litres. This equates to 1.8mm of rainfall directly into 
the trough and flume or 2.5x1 o-3mm of runoff over the catchment. These 
volumes were assumed to be negligible and any change in storage that did not 
initiate flow in the large flume was ignored. 
In hindsight, under drought conditions another method for measuring the 
surface flow would probably have been more accurate. A tipping bucket was 
used to measure the SLF. This method was chosen because it was thought that 
the SLF rates would be much less than the surface runoff. The tipping bucket 
proved more accurate, with fewer problems than the flume used for surface 
flow. Therefore, it is indicated that another flume design, such as a V-notch 
weir, may have been more appropriate methodology to measure the low flows 
experienced in the severe drought conditions experienced in 2001 and August 
2003. In addition, draining the runoff to a volumetric tank would have provided a 
useful bulk measurement for crosschecking flow volumes. 
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Noting the limitations and assumptions in the measurement of the surface 
runoff, the small flume data was used to give the surface flow volume because it 
had the capacity to measure lower flows more accurately. The large flume data 
was used for events prior to the installation of the small flume. The analysis of 
this data, and the SLF is given below. 
5.4.2 Hydrographs 
The summary statistics for the surface runoff and SLF for the sampling period 
are given in Table 5.7. SLF through the A2 horizon accounted for 44% of the 
· total lateral flow (surface runoff plus SLF). It was expected that surface runoff 
· would be significantly greater than SLF because a similar study on texture 
contrast soils in the Adelaide Hills (Flemming and Cox, 1998) found that 
approximately 92% of the lateral flow (surface plus SLF) moved as surface flow, 
and only 8% was SLF. The difference between the two studies was enlarged by 
the drought, because additional research in the Adelaide Hills (Cox and Ashley, 
2000) found that in low rainfall years there was little surface runoff, and SLF 
became a more important contributor to water movement. 
Table 5.7 Summary statistics for overland flow and SLF (SLF) at the field site. 
Statistic 
· Total Volume (L) 
Total Volume (%rainfall) 
Peak Intensity (L/s) 
Overland 
77 430 
0.28 
14.5 
SLF 
60 108 
0.16 
1.4 
The surface runoff and SLF made up only 0.28% and 0.16% of rainfall from 
September 2001 until October 2003, respectively. Together, this is still less than 
1 % of rainfall. This means that the vertical drainage below the B2 horizon, soil 
. water storage, and evapotranspiration from the soil accounted for 99% of the 
rainfall. Water balance estimations (Section 5.3) found evapotranspiration 
accounted for most of the wc:1ter lost from the hillslope. In a study in South 
Australia (Flemming and Cox, 1998), SLF was also only a small proportion of 
rainfall (less than 2%) but in that case the surface runoff accounted for up to 
12% of rainfall. It was noted that the rainfall in that sampling period was 
unusually greater than the long-term average for the same period. 
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Partitioning between surface and SLF may be strongly controlled by the local 
topography, in that a small gradient will increase the potential for infiltration over 
runoff (Morgan, 1986). Details of the gradient and topographic profile for the 
Flemming and Cox study were not available, so it was not possible to compare 
partitioning between surface and SLF with the gradients. 
Surface runoff and SLF for the observation period are shown in Figure 5.13. 
Note that the y-axis is an order of magnitude smaller for the SLF than the 
surface runoff. There were 20 surface runoff events recorded and 17 SLF 
events, although some events were too small to be visible at the scale of Figure 
5.13. Lateral flow events for both surface and subsurface flow mainly occurred 
in spring 2001, winter 2002 and spring 2003, but events were also recorded in 
summer 2001 and autumn 2002. The following analysis was based on the 
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Figure 5.13 Surface runoff and subsurface lateral flow. 
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higher flow events, to reduce the uncertainty with surface runoff data at low flow 
(Section 5.4.1 ). The discussion is structured according to the antecedent water 
contents and rainfall properties for the runoff events. 
Two additional notable events recorded SLF on September 9 and 12, 2001. The 
SLF measured was 1.5 and 1. 7% of rainfall respectively. They were not 
included in this analysis and discussion because the surface runoff was not 
recorded until later in September, so a full hydrograph could not be examined. 
5.4.2.1 Low antecedent water content and high rainfall intensity 
On December 6, 2001 (Event C in Table 5.6) a significant runoff event was 
recorded at the site and both surface and SLF were recorded as shown in 
Figure 5.14. The average antecedent water content from the top 1 mover the 
whole slope (Appendix H) was a SWD of 117mm or 7% of the available water 
capacity (i.e. the water available between field capacity and permanent 
permanent wilting point). This was well below field capacity, the equivalent of 
100% available water. The peak rainfall intensity for this event was 72mm/hr, 
also the greatest rainfall intensity measured in the observation period. The dry 
antecedent conditions and rainfall intensity indicate that the surface runoff 
recorded for this event was infiltration excess flow and the SLF was bypass flow 
(i.e. macropore flow). Water repellency, as described by Marshall et al. (1996) 
may also have contributed to the generation of surface runoff in this event. 
The volume of surface runoff generated was nearly seven times greater than 
the SLF, and the peak intensity over six times greater (Table 5.6). _The volume 
of surface runoff was the second greatest of the events presented in Table 5.6 
as a percentage of rainfall, while the SLF was the lowest. This indicates that 
with dry antecedent conditions, high intensity rainfall can produce significant 
surface runoff, but the SLF is likely to have been a smaller volume. This agrees 
with other research that states for significant SLF to occur the soil needs to be 
saturated (Weyman, 1973; Anderson and Burt, 1978; Hurley and Pantelis, 
1985). For SLF to occur while the soil matrix is so dry, it is probable that the 
147 
Investigation of the Water Balance at the Field Site 
80 14000 
~ = Rf - SLF - Ro 
., 
70 
~\ 12000 
60 /\ - 10000 .... 
.c 
- I \ E 50 E I ·. - 8000 ~ 
-
-;; 40 
C . 
I ' CD - \\ C 6000 cs 30 I \ .. 
n \ C cs l \ 4000 DC 20 
! \ 
10 I \ / 2000 I \ .,, 
-~ ~ _,,,.,,,. .. 
,,,.,. 
/ 
0 0 
6/12/01 6/12/01 6/12/01 6/12/01 6/12/01 6/12/01 6/12/01 6/12/01 6/12/01 6/12/01 7/12/01 
21:36 21:50 22:04 22:19 22:33 22:48 23:02 23:16 23:31 23:45 0:00 
Figure 5.14 Hydrograph response showing the rainfall intensity (Rf) (mm/hr), surface 
runoff from the large flume (Ro) (Uhr) and the SLF (Uhr) from Event C. Note rainfall is 
plotted on the left y-axis and lateral flow on the right. 
SLF is moving through macropores. At a field site with granitic soils and similar 
winter dominant rainfall to the Holbrook site Johnston (1987a; 1987b) found that 
macropore flow can occur before the matrix is at field capacity, and this could 
be the process at work here. 
The lag period between the peak in rainfall intensity and flow was 6 minutes for 
the surface runoff and 18 minutes for the SLF. Such a rapid response to rainfall 
in both runoff paths indicates that this water moved from close to the trough, 
and/or travelled very quickly. 
In this event the surface runoff continued for 54 minutes after the rainfall 
stopped, while the SLF continued for only 30 minutes after rain. It has been 
found (Anderson and Bouma, 1973; Bouma et al. , 1978; Thomas and Phillips, 
1:979) that flow through macropores in dry soils wets the profile outwards from 
the macropore walls. This would have occurred during this event, and it is 
possible that the absorption of water into the macropore walls caused the SLF 
to occur for a shorter duration than the surface runoff. Inhibition of water into the 
soil could also explain why such a small volume of SLF was generated in this 
event. 
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5.4.2.2 Moist antecedent water content and moderate rainfall 
In four runoff events the volume of SLF and peak flow was greater than the 
surface runoff. These events were on October 11, 2001, October 24, 2001, July 
5, 2002, and July 6, 2002 and are defined as Events A, B, D and E respectively 
in Table 5.6. The hydrograph responses for Events A, B and D are shown in 
Appendix I, and that for Event E is shown in Figure 5.12. The statistical 
response is shown in Table 5.6. These events are characterised by a moderate 
volume of rainfall ranging from 15.4 to 32.6mm, and a moderate peak rainfall 
intensity of 20 to 30mm/hr. The lesser rainfall intensity events, compared to the 
case in Event C, would favour infiltration and consequently SLF over surface 
runoff. 
In only one of these events (Event E) was the antecedent water content 
(106%AWC) greater than field capacity (100%AWC). The others were close to 
field capacity ranging from 58%AWC to 81 %AWC. These antecedent conditions 
are estimates based on the daily extrapolation of NMM field data, so there is 
some uncertainty pertaining to them from the field measurement and also the 
model extrapolation given in Appendix H. However, with antecedent conditions 
near field capacity, little additional water is required before water is available to 
drain vertically and/or move as saturated SLF. 
The lag period between peak rainfall intensity and the peak in surface runoff in 
these four events varied between 18 and 42 minutes with an average of 28 
minutes. For SLF the lag period ranged from 24 to 48 minutes with an average 
of 35 minutes. These lag periods are longer than those for Event C. A possible 
explanation for the increase in lag period is when the antecedent water content 
and rainfall volume were greater, a larger portion of the hillslope saturated and 
could contribute to lateral flow (surface runoff and SLF). If water were moving 
from a greater distance to the troughs it would take longer to reflect the peak 
flow. 
In most cases both surface runoff and SLF continued for a longer period after 
rainfall than for Event C. Surface runoff for Events A, B, D and E continued for 
from 30 minutes to 6 hours and 12 minutes, compared to 54 minutes in Event A . 
. The SLF flow continued for a period from 54 minutes to 11 hours and 6 minutes 
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in Events A, B, D and E compared to 30 minutes in Event C. This was also most 
likely due to an increase in the antecedent water content, and an increase in the 
total rainfall. Excess water moving from a greater distance can contribute to flow 
for a longer period of time compared to that generated by Event C. 
In summary rainfall events of moderate volume (15.4 to 32.6mm) and intensity 
(20 to 30mm/hr) appear to be more favourable to infiltration than to surface 
runoff. When the antecedent soil water content was close to field capacity then 
little additional rainfall was required before vertical and/or lateral flow was 
initiated. Under these conditions a relatively small volume of surface runoff was 
generated, ranging from 0.07 to 0.08% of rainfall. The volume of SLF generated 
under these conditions was moderate compared to the volumes produced from 
· other events (see Table 5.6), with ranges from 0.29 to 0.54% of rainfall. 
5.4.2.3 Wet antecedent water content and large rainfall 
When the antecedent water content was greater than 80%AWC and the volume 
of the rainfall event was large (i.e.> 33mm).lateral flow (surface runoff and SLF) 
increased in significance. Figure 5.15 shows the hydrographs for rainfall-runoff 
events on August 13, 2003 (Figure 5.15 a) and August 24, 2003 (Figure 5.15 b 
and Figure 5.15 c). These correspond to Events F and G respectively in Table 
5.6. The data for August 24 was plotted twice, the first showing the period 
where the main SLF occurred (b Main), and the second showing the hydrograph 
until the SLF ceased on the September 10, 2003 ( c whole}. In Event F over five 
times as much water moved as surface runoff than SLF. The peak surface flow 
rate (521 00L/hr) was nearly fifteen times greater than the peak SLF (3578L/hr). 
The most likely cause for the increase in the surface flow volume and peak flow 
rate was a greater rainfall intensity (compared to other events in Table 5.6) 
peaking at 44mm/hr, following 52.4mm of rainfall already fallen in that event, 
when the antecedent water content was already close to field capacity 
(83%AWC). 
In Event G (Figure 5.15 band c) the peak in surface runoff (8160L/hr), and the 
peak in SLF (27 40L/hr) were less than those for in Event F (521 00L/hr and 
. 3578L/hr, respectively) . The decrease in the lateral flow (surface runoff plus 
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SLF) rates may have occurred because the peak rainfall intensity in Event G 
was less than 25% of that in Event F. It would therefore have been more likely 
for water to infiltrate and drain vertically. The difference in the surface rµnoff 
was far greater than for the SLF, implying that SLF is less sensitive to a 
decrease in rainfall intensity from 44mm/hr to 1 Omm/hr than the surface flow. 
At 13:00 hours on August 24, 2003 (Event G) no rainfall was recorded at the 
meteorological station gauge (Figure 5.15 b ). It is not likely that this is due to a 
fault with the equipment because the middle rain gauge also did not record 
rainfall for the same period. These gauges are closest to the runoff equipment 
while neither recorded rainfall surface and SLF occurred in that period. Low 
intensity rainfall was recorded in the top rain gauge (RT) 31 Om upslope of the 
trough and that data from 13:00 to 16:00 hours was added to the plot in Figure 
5.15 b (black line). The absence of local rainfall during a surface and 
subsurface flow event could be explained by water moving laterally down the 
slope. The surface flow could be return flow: water that has moved down the · 
slope beneath the surface, and then returned to the surface due to local 
saturation, and then moved on top of the surface. The decrease in the thickness 
of the A2 horizon near the troughs could have accelerated saturation and thus 
the generation of return flow. 
Surface flow in Event G persisted for 3 hours and 36 minutes after rainfall 
ceased, while the SLF continued for at least 27 hours 18 minutes. The total 
duration of the SLF was 17 days and 1 hour and 30 minutes (Figure 5.15 c), 
although it should be noted that patchy rainfall totalling 19.8mm occurred after 
the main event as an additional water source. An additional 5559L moved as 
SLF after the main lateral flow event, which was almost equal to the SLF 
volume that was recorded in the main event. This is more evidence to indicate 
in wet conditions water was moving laterally from upslope to maintain the flow. 
NMM data indicated that SLF occu~red in the Midslope Zone during this period 
at 120cm to 160cm depth. Also the NMM access tubes were at least 20m 
~pslope of the runoff troughs, so it is probable that the SLF being recorded in 
the trough was from as far as 20m upslope. · 
The lag period between the peaks in rainfall and flow were similar for Events F 
and G. The lag in surface flow was 18 minutes and 1 hour respectively, and 36 
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minutes to 48 minutes for the SLF. Again, the quick response through the soil 
indicates that in the peak of the rainfall event subsurface flow was moving 
through preferential flow paths such as macropores, and this water was 
originating from close to the measurement trough. The narrow peaks in the 
response curve also support this theory (Figure 5.15 b and c). It appears that as 
the profile drained below saturation, matrix flow persisted, extending the 
duration of SLF. 
5.4.3 Conditions to initiate significant lateral flow 
Lateral flow here refers to both surface runoff and SLF. This section presents an 
analysis of the rainfall volume and intensity, saturated hydraulic conductivity 
and the antecedent soil water content required to generate surface runoff and 
SLF based on the data collected from the field site. The analysis is limited 
. because drought conditions prevailed for the majority of the observation period 
but there were some important findings. 
5.4.3. 1 Rainfall volume 
The field research found that SLF occurred during drought conditions when the 
annual rainfall was only 539mm, 22% below the long-term average at Holbrook. 
In another field study (White et al., 2000) in south-east Australia the volume of 
lateral flow, including surface runoff and SLF, and the partitioning between 
these flow paths varied dramatically between two consecutive years when the 
annual rainfall was only 1 mm different. In the firstyear lateral flow was 
approximately 19% of the annual rainfall (697mm), 9% of the rainfall was 
surface runoff and 10% of the rainfall was SLF. In the next year lateral flow was 
approximately 3.5% of the annual rainfall (666mm) and the surface runoff and . 
SLF was 0. 7% and 2.5% of the rainfall volume respectively. The variability 
presented here highlights that the annual rainfall alone might not be a useful 
predictor for the occurrence of lateral flow. 
The analysis of the monthly rainfall and evaporation in Section 5.1 combined 
with the occurrence of excess water (Section 5.3) and surface runoff and SLF 
(Section 5.4.2) showed that in part the generation of SLF correlated to periods 
when monthly rainfall exceeded the monthly evaporation. The monthly rainfall is 
possibly more indicative of the occurrence of SLF than the total annual rainfall, 
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and this relationship is discussed in more detail below. 
Temporarily ignoring bypass flow (SLF in dry soil), as long as the soil properties 
and gradients are suitable, SLF occurs when excess water in the soil We is 
generated (i.e. the soil water content e exceeds field capacity Br). Excess soil 
water is generated when the infiltration / from rainfall and lateral run-on minus 
any water lost from evapotranspiration Et and vertical drainage Dr plus the 
current water store 0 exceeds field capacity 0t, which is summarised as 
5.1 
To simplify the model it can be assumed that drainage is included in the excess 
' soil water so in the above equation O,can be omitted, and the infiltration from 
rainfall and run-on is approximated by the rainfall (i.e. I = R), so the excess soil 
water can be estimated by the rainfall, evapotranspiration and soil water 
content. 
In a monthly water balance the soil water content in millimetres at the end of the 
month 82 (ignoring the excess for the moment) is 
5.2 
where 81 is the soil water content at the start of the month (mm), R is the rainfall 
(mm) and Et is the evapotranspiration (mm). 
The excess soil water We is the water exceeding field capacity e, given by 
5.3 
and so the corrected soil water content at the start of the next month is 
5.4 
Using these equations a running monthly water balance was calculated for the 
top 50cm of the field site from December 2001 until September 2003 and the 
results are presented in Table 5.8. Field capacity and permanent permanent 
wilting point from the top 50cm were determined using the NMM data, as 
discussed _in Section 5.2, giving values of 125mm and 45mm respectively. The 
initial soil water content in December 2001 was assumed to be at permanent 
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Table 5.8 Simple monthly water balance for the top 50cm (i.e. A horizon) of the field site, 
assuming the initial soil water content in December 2001 is at permanent permanent 
wilting point (45mm). 
Month Soil Water Rainfall Evapotranspiration Soil Water Excess 
Start Month (R) (Et) End Month Water (We) (81) (82) 
Dec 01 45 33.2 107 45 0 
J.an 02 45 23.4 112 45 0 
Feb 02 45 94.2 - 79 60 0 
Mar02 60 41.2 149 45 0 
Apr02 45 21.6 92 45 0 
May02 45 42 58 45 0 
Jun 02 45 95 31 109 0 
Jul02 109 76.4 37 148 23 
Aug 02 125 41.8 56 111 0 
Sept 02 111 75.2 117 69 0 
Oct 02 69 5.6 169 45 0 
Nov02 45 10 198 45 0 
. ·oec 02 45 25.8 113 45 0 
Jan 03 45 2 113 45 0 
Feb 03 45 43.4 91 45 0 
Mar03 45 4 142 45 o · 
Apr03 45 37.8 88 45 0 
May 03 45 34.8 62 45 0 
Jun 03 45 89 25 109 35 
Jul03 109 86.4 35 160 80 
Aug 03 125 157 77 205 0 
Sep 03 125 61.2 96 90 0 
permanent wilting point (45mm) because it was summer and the minimum soil 
water content was set equal to the same value . 
. On a monthly timestep excess soil water was predicted in July 2002, July 2003 
and August 2003. SLF was measured at the field site in July 2002 (Section 
5.3.2) and a larger volume was recorded in August 2003, which correlates to 
months where excess soil water was predicted using the monthly water 
balance. The larger volume of SLF recorded in August 2003 corresponded to 
•. 
the second consecutive month when excess soil water was predicted by the 
model, and when a large (80mm) volume of excess soil water was generated 
within one month. This indicates that a simple monthly water balance can be 
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used to estimate the potential for the occurrence of SLF at a field site. However, 
excess soil water was predicted in July 2003 but no SLF was measured at the 
field site. The discrepancy may be because the simple water balance model 
does not partition the excess soil water into vertical and lateral flow so any 
excess ~oil water that was predicted in July 2003 may have been dominantly 
vertical flow and therefore did not create any SLF at the field site. Alternatively 
the water balance assumes uniform conditions over the whole hillslope so when 
the model predicts that there is excess soil water, SLF may be occurring in 
some locations on the hillslope but not at the end of the Midslope where the 
runoff measurement equipment was. 
In summary a simple monthly water balance can provide a good indication of 
when excess soil water will occur at a field site, but it can be misleading if a 
large single rainfall event occurs within an otherwise dry month. Nor does the 
monthly balance identify the direction of the excess soil water will flow and nor 
does it distinguish where on the hillslope any lateral flow (surface runoff or SLF) 
is likely to occur. Wit~ additional description of a hillslope, a monthly water 
balance could be a valuable tool to assist in locating sites that experience 
significant SLF. Guidelines that do this are presented in Chapter 8. 
When siting tree belts, annual and inter-annual variation in rainfall is important 
. for drought resilience. Although SLF was generated at the Holbrook field site in 
2002, by February 2003 the Acacia melanoxylon species in the tree belt began 
to die from water stress (Section 5.2). Different tree species have different water 
requirements (Marqar et al., 2002) and some are more drought tolerant. These 
specifications are beyond the focus of this research but need to be considered 
when designing a tree belt plantation. 
5.4.3.2 Rainfall Intensity 
To initiate surface runoff the rainfall intensity must exceed the infiltration 
capacity and fill the surface depressions before the water can runoff. In addition 
to natural variation, the infiltration capacity in grazing land varies spatially and 
temporally due to periodic effects of trampling on the hydraulic conductivity and 
grazing on the vegetation cover and consequent protection against raindrop 
impact Simple analysis was carried out to investigate the relationship between 
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rainfall intensity and the initiation of surface runoff from the events recorded at 
the field site. 
Taking into account the lag for each rainfall/runoff event discussed in Section 
5.4.2, the rainfall intensity at the time flow was first recorded and the timestep 
before, were assumed to be the thresholds that include the effective rainfall 
intensity required to initiate flow. Note that the timestep for the rainfall and runoff 
measurements was 6 minutes. The effective rainfall intensity takes into account 
the infiltration capacity and storage in surface depressions. It is acknowledged 
that the soil conditions and the volume of rainfall have a strong control on the 
initiation ofsurface runoff, but for this analysis they are included within the 
effective rainfall intensity. These factors are discussed separately in Sections 
5.4.3.3 and 5.4.3.4 respectively. 
The ranges in the effective rainfall intensity thresholds for surface runoff in each 
event are shown in Figure 5.16. The event labels correlate to the dates given in 
Table 5.6. Subscript numbers are used if the one event had two distinct peaks 
rising from no runoff that could be used to estimate the initiation of flow. The 
event data plotted in Figure 5.16 can be divided into two groups, Events A 1 to D 
and E to G2 . In Events A 1 to D there was a common range in the threshold of 
the effective rainfall intensity for flow between 8 and 16 mm/hr. The range was 
lower (0 to 8mm/hr) for Events E to G2 with the only common value being 
4.0mm/hr. The first group are generally characterised by antecedent water 
content less than field capacity, while the second group had antecedent water 
content greater than field capacity with the exception of Event F (Table 5.6). 
Considering the antecedent water content values were determined from a ~aily 
. 
. 
extrapolation of the NMM data they are only estimate values with the least 
certainty of 70% (R2 values given in Appendix H). 
These are not conclusive ranges for the effective rainfall intensity thresholds at 
the field site, and the actual effective rainfall intensity was likely to vary between 
each event within this range, due to the natural and grazing inflicted variation in 
infiltration capacity. But the findings support the theory that these processes 
have a threshold type response and that when the antecedent water content 
. was above a threshold, here approximately field capacity, then lower rainfall 
intensity can initiate saturation excess surface runoff. Again it is noted that the 
antecedent water content and volume of rainfall are influencing the results, and 
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Figure 5.16 Effective rainfall intensity at the timestep surface runoff was first recorded, 
and the rainfall intensity from the timestep before, taking into account the lag period for 
each rainfall/runoff event. The event numbers correlate to the dates in Table 5.6. 
in this case more than rainfall intensity. 
This analysis implies that an effective rainfall intensity threshold exists for the 
initiation of surface runoff. The value was greater with dry antecedent conditions 
and smaller when the soil was wet. However, the apparent differences in the 
effective rainfall intensity threshold would be strongly affected by the volume of 
rainfall and how it relates to the soil water content as well as the rainfall 
intensity. This is discussed further in Section 5.4.3.4. 
5.4.3.3 Saturated hydraulic conductivity 
Saturation and SLF in the A2 horizon most likely occurred because the vertical 
drainage was impeded by the 82 horizon. But as discussed in Section 4.3.3, the 
saturated hydraulic conductivity of the 82 horizon on the Midslope varied 
between 2500mm/hr and 1 mm/hr so that the distribution of saturation would be 
strongly influenced by the occurrence of macropores and areas with a low 
permeability. . 
5.4.3.4 Soil water content 
There appears to be a threshold soil water content to initiate significant SLF. 
Figure 5.17 shows that when the soil water content was between 80%AWC and 
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1 00¾AWC the volume of SLF was more significant (>0.2% rainfall) . This 
threshold type response agrees with research by Grayson and Woods (pers. 
comm., 2001, in McDonnell 2003), which showed that a threshold soil water 
content existed for significant SLF to occur at a site near Melbourne, Victoria . 
This threshold response ·is becoming more widely recognised worldwide from 
research in the USA (McDonnell, 2003) and Japan (Sidle et al. , 2001) and could 
become a valuable tool when interpreting hillslope hydrological response. 
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Sidle et al. (2001) found that the volume of SLF increased with an increase in 
the soil water content. He attributed it to the macropores becoming more 
hydrologically connected when the soil water content of the hillslope increased . 
The wetter soil enabled the SLF to move a greater distance through the 
macropore system contributing a larger volume to the bottom of the hillslope. 
From the field measurement at Holbrook, the lag period between peak rainfall 
intensity and peak flow increased from 6 to 32 minutes for the surface runoff 
and from 18 to 42 minutes for the SLF flow when the flow mechanism changed 
from infiltration excess or bypass flow to saturation excess or saturated flow. It 
is likely that the increase in the lag between the peak rainfall intensity and peak 
flow, which correlated to an increase in SLF, was a reflection of a substantial 
increase in.the contributing area for SLF because in wetter conditions the 
preferential flow paths became more connected. 
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To further explore the threshold soil water content for significant lateral flow, the 
antecedent soil water content for the events given in Table 5.6 was added to the 
rainfall volume for that event to give a total after event water content. This was 
plotted against the event lateral flow (surface runoff plus SLF) and the resultant 
plot is shown in Figure 5.18. This plot shows more clearly that when the 'after 
event water content' exceeds about 100%AWC, the lateral flow (surface runoff 
plus SLF) exceeds 2% of rainfall. 
The threshold in 'after event soil water content' (Figure 5.18) for significant total 
lateral flow (surface runoff plus SLF) was more defined than the threshold 
between the antecedent soil water content and SLF alone (Figure 5.17). Figure 
5.18 plots fewer points but those points, plotted as black triangles in Figure 
5.17, have still formed a clearer trend in Figure 5.18. One explanation for the 
decrease in noise between these data sets is that the after event soil water 
content accounts for the volume of event rainfall and therefore whether the soil 
water content exceeded field capacity during the rainfall-runoff event, and not 
just prior to the event as for the antecedent water content alone. Also combining 
surface runoff and SLF into lateral flow, plotted in Figure 5.18, reduces the 
noise that can be generated in the partitioning between the two lateral flow 
paths because the relationship between rainfall intensity and infiltration capacity 
can vary temporally and spatially. 
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Figure 5.18 Relationship between the antecedent water content for the top 1 m of soil 
plus the event rainfall and the event lateral flow (surface runoff plus SLF). 
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5.4.4 Summary of surface runoff and subsurface lateral flow 
Even on an event basis, the surface runoff plus SLF accounted for less than 5% 
of the rainfall and SLF never exceeded 1.5°/o of rainfall. The range identified 
from measurement of rain-fed SLF in other studies in southern Australia was 
from 1 % to 10% of rainfall (see Section 2.6 for review). The results from the 
Holbrook site are at the low end of this range for this region of Australia. The 
percent of SLF measured at this field site was similar to that measured in 
studies in South Australia and New South Wales (Flemming and Cox, 1998; 
Heng et al., 2001 ). In these studies the annual rainfall was 631 mm and 666mm 
respectively, and the SLF was 1.2% and 2-3.5% of the re~pective rainfalls. 
These annual rainfalls were over 15% more than the 539mm recorded at 
Holbrook in 2002. This shows that SLF can occur under drought conditions, 
though at a smaller percentage of rainfall. Monitoring at the field site throughout 
an average rainfall year would provide a valuable comparison with the drought 
response. 
The SLF was a very small percentage of the water balance for the observation 
period and as shown in Section 5.3, the evapotranspiration clearly accounts for 
the greatest percentage of rainfall redistribution. Using the water balance the 
average excess soil water over the observation period from the Upperslope 
down to the Midslope was equal to 8.2% of rainfall. Lateral flow (surface plus 
SLF) over that period accounted for less than 1 % of rainfall. By difference this 
means that vertical drainage below rooting depth was approximately 7 .2% of 
the rainfall. 
Again it is important to emphasise that these measurements were taken during 
a drought period. In a year with typical rainfall, the proportion of lateral flow 
(surface runoff plus SLF) could increase. Farmer observation indicates that the 
lateral flow would indeed be greater in a typical rainfall year, because in an 
average year the field site was likely to be inaccessible to vehicles due to 
widespread waterlogging (Hicks, pers comm., 2001 ). It was always possible to 
take vehicles onto the field site during this measurement period. 
SLF mainly occurred when the soil water content was close to field capacity, 
with a threshold within the boundary of 80%AWC to 100%AWC. Lateral flow 
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(surface runoff plus SLF) increased in significance (i.e. > 2% of rainfall) when 
the after event soil water content (i.e. antecedent water content plus rainfall) 
was greater than 100%AWC. 
In events with a medium volume of rainfall at a moderate intensity, the 
antecedent water content of the hillslope profile strongly influenced the volume 
of lateral flow (surface runoff and SLF). If the antecedent water content was 
small, then SLF exceeded surface runoff, but the total volumes involved were 
small (Section 5.4.2.2). With similar rainfall volume and intensity but a larger 
antecedent water content, the potential for lateral flow to move from further 
upslope was greater, and it was more likely to generate larger volumes of 
surface and SLF (Section 5.4.2.3). When the rainfall intensity was high (> 
44mm/hr) then surface flow dominated over SLF. 
Estimates of the effective rainfall intensity required to initiate surface runoff and 
SLF found that when the antecedent soil water content was small the range for 
the threshold was greater (8 to 16mm/hr for both surface runoff and SLF) 
compared to when antecedent water content was wet (approximately 4mm/hr 
for surface runoff and 0 to 6mm/hr for SLF). Note these values are estimates 
only because they are based on only a few events, and they have also 
assumed that the effects of the variation in soil conditions and rainfall volume 
are negligible. The 'after event soil water content' is believed to be a better . 
prediction for the generation of lateral flow than the thresholds presented for the 
rainfall intensity. 
5.5 Chapter Summary 
This chapter presented some of the data from the field study site as an 
interpretation of a water balance. for the hillslope. The rainfall, climate, soil water 
content and lateral flow (surface runoff and SLF) data were used to investigate 
the water balance at the site. The key findings were: 
* Rainfall during calendar year 2002 was 22% below the long-term 
average due to a widespread drought. 
* In winter (June and July 2002, and June to August 2003) rainfall 
exceeded potential evaporation. 
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* The trees had a rooting depth of 500cm, up to 200cm greater than 
the pastures. 
* Paterson's Curse had a significant rooting depth for pasture 
(300cm), and was able to notably dry the soil to that depth from 
spring 2002 until winter 2003. 
* The permanent wilting point of the Acacia melanoxylon species 
was estimated as 0.2m3/m3 . 
* Evapotranspiration was the major source of water loss from the 
hillslope, and ranged from 80.6% of rainfall on the Midslope to 
99 .2% of rainfall in the tree belt. 
* Excess soil water flowing out of the rooting zone was least under 
the tree belt (2.7% of rainfall) and most under pasture on the , 
Waning-Midslope (11.6% of rainfall), which was downslope of the 
BOS. On average over the runoff collection area it amounted to 
8.2% of rainfall. 
* Lateral flow (surface runoff plus SLF) totalled less than 1 % of 
rainfall for the observation period. Therefore vertical drainage 
accounted for approximately 7 .2% of rainfall within the runoff 
collection area. 
* On an event basis, total lateral flow (surface runoff plus SLF) was 
always less than 5% of rainfall, and SLF never exceeded 1.5% of 
rainfall. However, this study was conducted in a drought period, 
and the normal values may be greater in a year with average 
rainfall. 
* The volume of SLF increased when the antecedent water content 
was between 80%AWC and 100%AWC (field capacity minus 
permanent wilting point). 
* The volume of lateral flow (surface runoff plus SLF) increased 
when the after event soil water content was greater than 
100%AWC (field capcity minus permanent wilting point). 
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* A simple monthly water balance using the rainfall, potential 
evaporation and soil water capacity can be used to estimate 
excess soil water and potential SLF on a hillslope. 
* The tree belt preferentially used near-surface water, and only 
used deeper stores when the available water source declined 
during the drought. 
* The maximum soil water deficit (SWD) within the rooting depth 
under the trees was 364mm on March 13, 2003. 
* Excess soil water was generated under the pastures on the 
Waning-Midslope and the Midslope but not under the trees in 
winter 2002. This season correlates to a period when rainfall 
exceeded potential evaporation. The SWD under the trees at that 
time was 109mm, indicating that the 50m wide tree plantation 
intercepted lateral flow from the Waning-Midslope, and more SLF 
was generated on the Midslope. 
In the next chapter the piezometer data from the Holbrook field site is used to 
determine the dominant lateral flow paths and develop a conceptual 
hydrological model for the hillslope. That information is used to investigate the 
potential for soil properties to be used as indicators of significant lateral flow (as 
discussed in Chapter 4 ). It is also combined with the understanding of the 
hillslope water balance gained from the analysis in this chapter to discuss the 
placement of tree belts on a hillslope. 
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Chapter 6 Conceptual Hydrological Model for the Field 
Site 
In the previous chapter a simple water balance for the field site was 
investigated, identifying the locations on the hillslope that were generating the 
most excess soil water and those that were generating little. In this chapter the 
piezometer data is analysed to identify the patterns of saturation over the field 
site, and the likely lateral flow paths that exist. This information is then used to 
propose a conceptual model for rainfall-runoff response on the hillslope. Having 
identified the key lateral flow paths, the understanding of the hillslope 
hydrological response based on the interpretation of the soil and topography at 
the site (Section 4.4.5) is qualitatively verified. Knowing the likely lateral flow 
paths at the field site, and with the increased understanding of tree water use 
from the water balance analysis (Sections 5.2 and 5.3), discussion is presented 
on the significance of the tree belt in intercepting lateral flow at this site. 
6.1 Summary of Occurrence of Saturation at the Field Site 
Piezometers were installed at appropriate depths to measure the saturation on 
top of the 82 horizon (shallow), at the boundary between the 82 horizon and the 
buried soil (intermediate), and on top of the bedrock at about 6m depth (deep). 
The names of the shallow piezometers end in 01 because they are 
approximately 1 m long. Similarly the intermediate piezometer names end in 02 
and the names of the deep piezometers end in 05 or 06. See Figure 3.9 for a 
complete map of the piezometers over the site, or Figure 6.1 for a smaller scale 
map of the piezometers on the Midslope and Lowerslope that are frequently 
referred to in the following discussion. This section presents a concise 
interpretation of the occurrence of saturation over the hillslope. The evidence to 
support this interpretation is given in the subsequent sections. 
At a shallow depth, saturation was transient and mainly recorded on the 
Midslope and Lowerslope during winter and spring. Saturation did not occur 
sequentially from the bottom to the top of the hillslope: it was first recorded at 
the top of the Midslope, then on the Lowerslope following more rainfall. Under 
the wettest conditions occasional shallow perched watertables were measured . 
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1. P1101 & P1106 
2. P1001 & P1006 
3. P901 & P906 
4. P806 
5. PT01 
6. PT02 
7. P706 
8. P6WOUT01 
9. P601 
10.P6E02 
11. P501, P502 & P506 
12.P5E03 
Figure 6.1 Diagram showing the location of the piezometers on the Midslope and 
Lowerslope. {Taken from Figure 3.9). 
on the Waning-Midslope under pasture and on the Upperslope. The distribution 
and persistence of saturation on the hillslope was related to the antecedent 
water content, subsurface topography and areas of high permeability in the B2 
horizon. Vertical macropores and areas of high permeability were also found to 
be important in controlling the distribution of saturation in a study in the Mount 
Lofty Ranges (Leaney et al., 1993). 
When the drought broke and the hillslope was very wet (August to October 
2003), transient saturation at the intermediate depth was recorded in P6E02 
and P502 on the Midslope. It appears that an impeding layer between the 2A2 
and the 2B22 horizons may have caused saturation at the intermediate depth, 
seen in piezometers P6E02 and P502, right through the B2 horizon and up into 
the A2 horizon at some locations (P601 and P6WOUT01 ). Saturation began to 
show at an intermediate depth (P202) on October 10, 2003 on the Waning-
Midslope under pasture. With continued rainfall the shallow horizon in this zone 
may have begun to show saturation too (P201 and P301 ), but it was not seen 
during this observation period because of the drought conditions observed for 
most of the study period. 
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The deep piezometers recorded more instances of permanent saturation, but 
only on the Midslope and Lowerslope. The watertables at approximately 6m 
depth, like the watertables present in the A2 horizon, where not uniform across 
and down the hillslope. It appears that on the Midslope, a sandy preferential 
flow path existed at about 6m depth, the behaviour captured by piezometer 
P706. Water that flowed through the sand layer was confined by the clay 
horizon above, and a sudden decrease in soil depth to bedrock or a material 
that restricted the lateral flow through the aquifer with a low permeability ( e.g. 
aeolian deposit). This aquifer was very responsive to most rainfall events, and 
showed peaks in the water level approximately 18 hours after a peak in rainfall. 
There was no other evidence of this confined aquifer in other samples on the 
hillslope. 
More transient watertables were measured on top of the bedrock on the 
Waning-Midslope under pasture (P206 and P3E05) and the Midslope (P506). 
They only existed at this depth when the hillslope profile was close to, or at, 
field capacity in spring 2001 and 2003. When saturation existed on top of the 
bedrock, lateral flow may have occurred from the hillslope and contributed water 
into a broader unconfined watertable recorded on the Lowerslope in P1006 and 
P1106. This unconfined aquifer showed a more subtle response, to only the 
larger rainfall events, and had a longer lag period than the confined aquifer 
(P706). In another report (Heartlands, 2003) it was concluded that this 
watertable existed due to a constriction in the drainage of the Ten Mile Creek · 
Catchment. The data collected here support that finding. 
6.2 Field Evidence Showing the Distribution of Saturation 
Figures 6.2 to 6.8 show the depth of water present in the piezometers on 
selected sampling days throughout the observation period. Refer to Figures 3.9 
and 6.1 for the layout of field equipment. 
These snap-shots in time show the mosaic distribution of saturation down the 
slope, and that saturation mainly occurs in the A2 horizon and on top of the 
bedrock on the Midslope and Lowerslope. The watertables in the A2 horizon are 
transient, and occur in spring 2001 and winter 2002 and 2003 (Figures 6.2, 6.5 
and 6.8). These times correspond to periods when the soil water content was 
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Figure 6.2 Profile of the field site showing the soil stratigraphy, piezometer nests down 
the hillslope, and the depths of water measured in the piezometers on October 2, 2001. 
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Figure 6.3 Profile of the field site showing the soil stratigraphy, piezometer nests down 
the hillslope, and the depths of water measured in the piezometers on December 17, 
2001. 
168 
Conceptual Hydrological Model for the Field Site 
Zone 1 = Uppers lope, Zone 2 = Waning-Midslope, Zone 3 = Midslope, Zone 4 = Lowerslope 
Distance from Crest (m) 
0 100 200 300 400 
Zone1 Zone2 I Zone3 
··· L '·, P2 P3 
.... __ 
Bedrock 
-----
.._ -- -- -... 
---
--- --- ..._ --
--
-
-----
-....... 
500 
', 
' 
600 
Zone4 
] 1 mSoil Depth 
I Piezometer 
....... 
....... 
....... 
' 
700 
Figure 6.4 Profile of the field site showing the soil stratigraphy, piezometer nests down 
the hillslope, and the depths of water measured in the piezometers on March 3, 2002. 
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Figure 6.5 Profile of the field site showing the soil stratigraphy, piezometer nests down 
the hillslope, and the depths of water measured in the piezometers on July 9, 2002. 
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Figure 6.6 Profile of the field site showing the soil stratigraphy, piezometer nests down 
the hillslope, and the depths of water measured in the piezometers on the October 2, 
2002. 
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Figure 6. 7 Profile of the field site showing the soil stratigraphy, piezometer nests down 
the hillslope, and the depths of water measured in the piezometers on the December 2, 
2003. 
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Figure 6.8 Profile of the field site showing the soil stratigraphy, piezometer nests down 
the hillslope, and the depths of water measured in the piezometers on the August 29, 
2003. 
greater than field capacity (Figure 5.9) and rainfall exceeded potential 
evaporation (Figure 5.1 ). 
Saturation at intermediate depth only occurred when the hillslope was 
saturated, with the exception of the soil deeper than 260cm underneath the tree 
belt (August 2003). Some of the saturation in the deeper piezometers on the 
Midslope and Lowerslope persisted throughout the whole observation period 
despite the drought conditions (P706, P806, P1106). A deep piezometer 
location on the Lowerslope dried by winter 2002 (P1006), while another did not 
register any water at all (P906). The variability in the deep watertable may be 
explained by the distribution of fractures in the bedrock. Fractures beneath an 
area may act as a sink keeping some locations dry as found by Johnston 
(1987a; 1987b) and Parlange et al. (1989). Alternatively, water under pressure 
may be pushed up through the fractures closer to the surface thus creating a 
local spring, as has been the case at other locations (Genereux et al., 1993; 
Novak, 1994; Onda et al., 2001 ). Another possible explanation is that 
preferential lateral flow paths exist at this depth and water moves down the 
hillslope in these paths, so that water is present in some locations across the 
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site and not in others. 
6.2.1 Trends in shallow watertables 
Figure 6.9 shows. the depth of water in saturation at the bottom of the 
piezometer at 6-minute intervals throughout the observation period for 6 shallow 
piezometers (P501, P601, P6Wout01, PT01, PT02, P1101 ). These piezometers 
were chosen because they had the most continuous and informative records for 
the shallow watertable at the site. Some of the logged data files were corrupted 
and could not be downloaded. These are marked as missing data (m ). 
Additional manual measurement of _the depth of saturation in other piezometers 
is given in Table 6.1. 
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minute intervals, for selected piezometers. Missing data is shaded and labelled m. 
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Figure 6.9 shows more clearly the transient nature of saturation in the A2 
horizon. The capacitance probes in the piezometers were important for 
capturing the short-lived saturation. This information would have been missed if 
the data was not measured near continuously, i.e. 6 minute intervals. The · 
longest period of saturation was 8½ days, recorded in P6Wout01 from October 
1, 2003. As already stated, saturation occurred mainly in winter and spring, and 
was most significant from August to October 2003. 
Saturation in the shallow piezometer on the Upperslope (P101) was only 
recorded once, on the July 9, 2002. The soil water content down the profile, 
plotted in Figure 5.5 shows that the wetting front was only down as far as the 
A2-B2 horizon boundary. Therefore this saturation event was possibly due to 
the difference in saturated hydraulic conductivity between the A2 and B2 
horizons. 
Table 6.1 Manual measurements of the depth of water in saturation from the bottom of 
selected piezometers, where automatic data was not available. 
Date Hillslope Zone Piezometer Depth of water (mm) 
4/9/2001 2(P) P201 50 
4/9/2001 2(P) P301 20 
4/9/2001 3 P506 1 
11/9/2001 2(P) P201 80 
11/9/2001 2(P) P301 50 
11/9/2001 4 P1001 100 · 
19/9/2001 2(P) P201 5 
2/10/2001 2(P) P206 5 
21/11/2001 2(P) P206 fr 
9/7/2002 1 P101 8 
9/7/2002 4 P1001 30 
28/8/2003 3 P601 85 
28/8/2003 3 P6WOUT01 313 
28/8/2003 3 P6E02 840 
28/8/2003 4 P1001 70 
10/10/2003 . 2(P) P202 45 
10/10/2003 2(P) P206 20 
10/10/2003 2(P) · P3E05 1 
10/10/2003 3 P502 612 
10/10/2003 3 P6E02 560 
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Saturation that occurred on the Midslope and Lowerslope appeared to result 
from local and disconnected watertables. The. trends evident from the wetting 
period of winter and spring 2003 show saturation first occurred on the Midslope, 
downslope from but adjacent to the tree belt (P501, July 25, 2003). Note that 
cattle had pushed against the piezometer P501 - measures were taken to stop 
the cattle but a gap may have already been developed between the ground and 
the piezometer casing. Surface runoff could have flowed down the side of the 
piezometer and registered as a watertable when the soil was not saturated in 
the A2 horizon. However, the saturation measured in the undisturbed 
piezometers showed a mosaic of saturation across and down the hillslope, 
which made it difficult to confirm the cause of the readings recorded in P501. 
Leaney et al. (1993) explained the rapid formation of a transient watertable as a 
response to rainfall through macropores, which may be the case at this location. 
Other piezometers on the Midslope did not register saturation in that period 
(P601, PT01 and PT02). 
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Figure 6.11 Depth of saturation from the bottom of piezometers P501, P601, P6Wout01, 
PT01, PT02 and P1101, where available on August 24, 2003. 
The antecedent water content amounted to 42°/o of the total potential water 
store (Table 5.6) on August 13, 2003, and the rainfall event of 64.4mm was 
sufficient to generate saturation on the Lowerslope (P1101) (Figure 6.10). The 
saturation experienced on the Midslope (P501) was similar to that on the 
Lowerslope for that event. 
On August 24, 2003 saturation on the Midslope (P501) and Lowerslope (P1101) 
responded to the rainfall at the same time. The lag between the peaks in the 
rainfall and maximum depth of saturation were 5 and 6.5 hours, respectively. 
The distance and rate of water flow determine the lag between the peak in 
rainfall and saturation. Thus the results here could indicate that the water 
contributing to that saturation travelled a similar distance and at a similar rate 
towards these tubes. The saturation persisted for over a day longer on the 
Lowerslope (P1101 ), compared to on the Midslope (P501 ). Drainage from the 
A2 horizon on the Lowerslope was likely to be slowed by the aeolian material 
(821 horizon) discussed in Section 4.4.4 impeding vertical drainage, and the 
small topographic gradient ( 4%) limiting the lateral flow. 
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Within the Midslope Zone, an area of approximately 3650m2, there was a 
distinct difference in the occurrence pattern of saturation in the A2 horizon. It is 
proposed that the differences were related to the subsurface topography and 
the distribution of more permeable areas within the B2 horizon. On August 13 
and 24, 2003 saturation occurred near the trough (PT01 and PT02) 12 to 14 
hours after first occurring 50m upslope near the tree belt (P501 ). The duration 
of saturation was 9 to 16 hours near the trough (PT01 and PT02), but up to 3 
days upslope (P501 ). Once a watertable had formed near the trough, the lag 
period between a peak in rainfall and a peak in watertable height was only 1 ½ 
hours, but further upslope it was approximately 3 hours. 
As rainfall would not significantly vary within the distance in question, the 
difference in duration of saturation reflects a difference in the rate of draining, 
and/or the contribution of run-on water from upslope. The drainage near the 
trough may be accelerated because the trough reduces the resistance to flow 
and therefore drains any saturation more quickly. Alternatively, or in addition, 
the subsurface topography may be impacting on the occurrence of saturation on 
the Midslope. If there were a subsurface depression (i.e. in the 82 horizon) 
downslope of the tree belt then water would likely accumulate there, flowing in 
from upslope. This would be reflected by a quick initiation of saturation following 
rainfall, a prolonged period of saturation while the excess soil water drained, 
and a significant lag period between the peak rainfall intensity and maximum 
depth of saturation (P501 ). 
Conversely, if near the trough there were a local rise in the subsurface 
topography then the soil would have to be saturated to above the height of the 
ridge before saturation would occur in PT01 and PT02. If this were the case, 
more rainfall would be required before saturation was recorded, as the soil 
water store in the adjacent depressions would have to be filled. Also, with a rise 
in subsurface topography the area contributing to saturation would be more 
local and drainage more rapid. 
There was also evidence to indicate that there was variation in the subsurface 
conditions within a distance of 1 Om across the hillslope. On August 13, 2003 
(Figure 6.10) one piezometer near the trough (PT01) registered two peaks in 
saturation that were a direct response to higher intensity rainfall, while another 
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piezometer only 1 Om away (PT02) recorded only one peak and saturation 
persisted for the whole rainfall event. On August 24, PT01 registered a single 
peak of longer duration and saturation more similar to that of PT02 (Figure 
6.10). One explanation for this pattern of saturation may be that on August 13, 
the contributing area of flow to PT01 was smaller than to PT02. The contributing . 
area, and therefore the response to rainfall between August 13 and 24 could 
· have changed if any subsurface depression upslope of PT01 was filled with the 
59mm of rainfall and any run-on water in this period. Thus the contributing area 
for saturated run-on to PT01 was more like that for PT02 for the August 24 
event. 
PT01 was located in a surface drainage depression by 0.30m compared to 
PT02, found using the DEM shown in Figure 4.1. This could be interpreted to 
mean PT01 was more likely to saturate than PT02. The analysis above shows 
this was not the case, and illustrates that the surface and subsurface 
topography may not be the same at this location. Therefore, the surface 
topography is not always an accurate indicator of saturation. Fernandes et al. 
(1994) and Freer et al. (2002) also found that subsurface conditions have a 
strong influence on the hydrological response of a hillslope. 
At the hillslope scale there was some correlation between surface topography 
and lateral flow. Waterlogging occurred in the A2 horizon on the Lowerslope of 
the field site, probably because the gradient was too small to move water 
laterally. The gradient at the bottom of the hillslope was 4%. Lateral flow in the 
A2 horizon was recorded in the runoff collection equipment, located between 
the Midslope and Lowerslope Zones, but the topographic gradient there was 
10%. This indicates that the threshold gradient for SLF is between 4 and 10%. 
This range agrees with the threshold given by Stirzaker et al. (1999), who 
indicated that the gradient needs to be greater than 9% (5 degrees inclination.) 
for a significant amount of water to be able to move laterally. 
There was evidence that a local area of high permeability existed in the centre 
of the Midslope Zone (P601 ), the last area to record saturation in the A2 
horizon. In July 2002, saturation was recorded in all shallow piezometers on the 
Midslope except P601, demonstrating that it does not saturated as readily as 
the others. The automatic data for the period from August 8 to 28, 2003, was 
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corrupted, so only manual measurements on August 8 and 29 were available. 
The manual measurements show that saturation had developed in the centre of 
the Midslope Zone (P601) by August 29. This corresponded to when the soil 
water content from 0.5m to 2m depth reached field capacity (see Figure 5.7). A 
nearby piezometer measuring the watertable in the 2A2 horizon (P6E02) had a 
watertable at 0.94m and 1.24m below the surface measured manually on 
August 28, 2003 and October 10, 2003, respectively (Table 6.1 ), the same 
period when P601 was also recording saturation in the A2 horizon. 
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Figure 6.12 Depth of saturation from the bottom of piezometers P501, P601, P6Wout01, 
PT01, PT02 and P1101, where available in September-October 2003. 
The lag period between rainfall and saturation in P601 was approximately 30 
hours on October 10, 2003, longer than the lag for the other piezometers 
(Figure 6.12). This may be because water had to accumulate in the 2A2 horizon 
before saturation would be recorded in the A2 horizon, indicating that in the 
centre of the Midslope Zone (P601) the boundary between the A2 and 82 
horizons (approximately 0.50m depth) was not sufficient to impede drainage, 
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but the boundary between the 2A2 and 2B22 horizons (approximately 1.80m 
depth) was. Therefore, this area would act as a sink for water moving laterally 
through the A2 horizon from upslope, and saturation in the A2 horizon would 
only occur when the profile had saturated from the lower boundary of the 2A2 
horizon up through to the A2 horizon (i.e. from 1.80m up to 0.50m). 
The distribution and persistence of saturation in the Midslope Zone from August 
until October 2003 was used to estimate the contributing area for SLF, based 
on the assumption that the flow paths between the piezometers are eventually 
I 
connected. Following the August 13 rainfall event, the SLF ceased by August 
14, 0:00. At that time saturation near the trough was only 2mm depth, and had 
completely disappeared two hours later. Saturation upslope but still in the 
Midslope Zone (P501) continued for another 1 ½ days. The upslope saturation 
appeared to be draining locally, possibly through the high permeability area in 
the 82 horizon at P601 - if it was contributing to the SLF in the trough, a closer 
correlation between the duration of saturation and SLF would be expected. 
Therefore, SLF for that event was flowing from at least 6m upslope of the 
trough, correlating to the location of the piezometers PT01 and PT02, but not as 
far as 50m upslope (P506). 
For the runoff event initiated on August 24, 2003, SLF ceased on September 
10. The area near the trough drained below saturation by August 26, 14:00. The 
upslope area (P501) drained by August 27, 0:00. Automatic data were not 
available for the centre of the zone (P601) but manual measurement showed 
that a watertable was present in both the A2 horizon (P601) and the 2A2 
horizon (P6E02) on August 29, and that a watertable still persisted in the 2A2 
horizon on October 10. SLF could have been maintained until September 10 by 
water draining from the centre of the Midslope, approximately 25m upslope of 
the trough, from water stores in both the 2A2 (P6E02) and A2 horizons (P601 ). 
With a larger volume of rainfall, more typical for the field site, saturation could 
be more widespread and the area contributing to the flow larger. 
Vertical macropores with a saturated hydraulic conductivity of 2500mm/hr were 
identified in the 82 horizon at Holbrook field site (Section 4.3.2). Regardless of 
the antecedent soil water content, the occurrence of macropores would have a 
strong control over the maximum length of contributing slope for SLF. In other 
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research Dunin (2002) found that the occurrence of preferential flow paths in 
the 82 horizon of a duplex soil led to bypass flow below the root zone, and that 
little near surface lateral flow occurred. Also, it has been noted that areas of 
high permeability in an otherwise restrictive layer can lead to vertical drainage 
of SLF (Leaney et al. 1993). 
6.2.2 Deep watertables 
As with the shallow piezometers, some deep piezometers did not register a 
watertable throughout the sampling period. These were P106, P306 and P906. 
Table 6.1 shows manual watertable heights in piezometers that registered small 
and infrequent saturation. 
More permanentwatertables existed on the Midslope (P706 and P806) and on 
the Lowerslope (P1006 and P1106), compared to the Waning-Midslope. Figure 
6.13 shows the height of the watertable in these piezometers, measured 
manually over the observation period. The y-axis is the Australian Height Datum 
(AHO) of the surface of the watertable, which defines all heights relative to the 
mean sea level height for Australia of zero metres. Each piezometer is plotted 
on a separate y-axis with a different scale to show the patterns more clearly. 
Piezometers P706 and P806 show distinctly different trends in watertable 
response, even though they were located only 24m apart. There were only two 
observable changes in the watertable height measured in P806: the first was a 
drop of 0.20m on the December 17, 2001, when water was pumped out to 
measure the. hydraulic conductivity using the bail method (Section 3.4.2.1.B), 
and the other was the rise in the watertable height of 0.05m from July 2003 to 
October 2003, when there was substantial rainfall at the site. There was 
concern that the slots at the bottom of P806 were blocked during installation so 
it was not recording the watertable fluctuation. The fact that P806 responded to 
the wetting up of the hillslope from July 2003 indicates it was indeed measuring 
watertable response. 
For these piezometers to be able to sustain a watertable they must be receiving 
a water supply at a greater rate than drainage. The difference between the 
watertable trend in P806 and P706 shows that the rate of supply and drainage 
to these two piezometers was different. A possible explanation is that P706 was 
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Figure 6.13 Manual measurement of watertable heights in piezometers P706, P806, P1006 
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Australian Height Datum (AHD) in meters, and each piezometer is plotted against a 
different y-axis. 
recording a watertable in sandy material, discussed in Section 4.4.3. The sandy 
material (i.e. sandy light clay with 27% clay, 18% silt, 55% sand) could create a 
more conductive layer. The heavier clay horizon (light-medium clay with 40% 
clay, 15% silt, 45% sand) that sits above the sand could essentially confine the 
aquifer to the sandy horizon. Water that flows through this aquifer must have a 
restricted drainage further down the slope to maintain the watertable. It is 
possible that the drainage was restricted by a 'high' in the bedrock, or an 
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accumulation of aeolian material that created a sudden decrease in the 
hydraulic conductivity. If a bedrock ridge or aeolian material existed downslope 
of P706 then the drainage would be slow, and it would allow a watertable to 
persist, even throughout a severe drought. If P806 was installed into this 
weathered bedrock or aeolian material, or into another layer with a small 
conductivity, this would explain why it was not as responsive to rainfall as P706. 
Figure 6.13 shows that on the Lowerslope (P1006 and P1106) decay occurred 
at essentially the same rate from September 2001 till January 2002. In June 
2002, P1006 had completely dried out. The similar decay rates in P1006 and 
P1106 indicates that they were measuring the same watertable, even though 
P1006 and P1106 are approximately 100m apart and P1006 has an elevation 
Sm greater than P1106. 
Another study in the Ten Mile Creek Catchment found a constriction in the 
catchment drainage downslope of this field site (Heartlands, 2003, reproduced 
in Figure 6.14 ). The constriction was identified using a multiple resolution valley 
bottom flatness index (MrVBF) The MrVBF index is calculated to identify steep 
erosional landscapes versus flat depositional landscapes. In Figure 6. 14 steep 
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Figure 6.14 Multiple resolution valley bottom flatness index (MrVBF) for Ten Mile Creek 
catchment (Source Heartlands, 2003). 
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erosional landscapes have a small MrVBF value (0-0.5) and flat depositional 
landscapes have a large MrVBF (6.5-7.0). For more detail on MrVBF see 
Gallant and Dowling, 2003. If this was the case then it is possible that P1106 . 
and P1006 were measuring a watertable that had formed as a result of a 
catchment-wide accumulation of water at the bottom of the hillslope rather than 
water moving along a preferential flow · path as is likely the case for P706. The· 
surface of the watertable in P1006 was approximately 2m above P1106. If these · 
two piezometers were measuring the same watertable, then backward pressure 
of the constriction pushed the water upslope as far as P1006. As the ·watertable 
declined during the drought, the water levels dropped at a similar rate until June 
2002, when the water dropped below the depth of P1006. 
The decrease in water levels in P706, P1106 and P1006 (when it was 
measuring a watertable ), and the increase in P706, P806 and P1106 in August 
2003 indicates these piezometers are measuring a linked watertable. 
Essentially they are, as they are located in the same catchment and measuring 
water from the same rainfall, but further evidence will be presented to highlight 
. 
. 
the differences between the deep watertables an~ help form a clearer model of 
the hydrology at the field site. The new information supports the hypothesis that 
on the Midslope (P706 and P806) water moved down the hillslope and · 
saturation was caused by a local restriction in drainage, but on the Lowerslope 
(P1006 and P1106) a watertable formed from the accumulation of water due to 
a catchment-wide constriction in drainage. 
Figures 6.15 to 6.17 show the 6-minute automatic data taken over selected 
sampling periods for P706, P806, P1006 and P1106 where available. The 
watertable heights were transformed so that the initial value for all piezometers 
in the selected sampling period was Om. The sequential data was adjusted 
relative to that value. This was done to emphasise the response of the 
watertables to particular rainfall events. 
In February 2002 (Figure 6.15) the water level in P1006 decreased 0.08m at 
approximately the same rate as the drop of water in P706. One difference 
evident between them was P706 reacted to rainfall events on February 15, 20 
and 25. The lag period between the rainfall and a peak in the watertable was 
approximately 18 hours. 
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Figure 6.17 6-minute relative watertable height data from piezometers P706 and P1106 
for August 2003. 
P1006 did not show reaction to the rainfall. Again in September 2002 (Figure 
6.16) the water level in P706 increased with the rainfall on September 16, 18, 
22 and 28, but on the Lowerslope (P1106) the watertable decreased without an 
obvious rainfall response. It did show a decline in the drop in water level on 
September 18, 2002, which was probably a delayed and less distinct response 
to the rainfall. 
The rapid (18 hours) and distinct response to rainfall events in P706 is more 
evidence that it was measuring a watertable in a highly conductive material. 
Field measurement of the vertical hydraulic conductivity of the 82 horizon on 
the Midslope Zone found water could move at 2500mm/hr (Section 4.3.2). It is 
possible that rainfall on the Midslope Zone was moving vertically to the confined 
aquifer through a series of macropores. However, if this was the case then the 
lag period would have increased as the watertable dropped throughout the 
drought. The lag period did not increase, but essentially remained at 
approximately 18 hours, which supports the theory that this was a confined 
aquifer. Therefore it is probable that rainfall entered the aquifer at an opening in 
the confinement further upslope. In that case rainfall could have drained into the 
aquifer and piston flow created the peak measured in the piezometer. P706 
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reacted rapidly to rainfall when the soil was well below field capacity (February 
2002, Figure 6.15), and Johnson et al. (1987) noted that this can happen in 
preferential flow paths. This indicates that the opening of the confinement must 
have been near the surface, or a water path existed to quickly move rainfall into 
the aquifer. Fractures in the granite bedrock on the Upperslope were one 
possible flow path to supply water to the confined aquifer. 
On the Lowerslope P1106 showed a greater delay (two days) and a more subtle 
response to the rainfall on September 16, 2002 (Figure 6.16). During the 
' . 
smaller rainfall events from February 6, to March 3, 2002 the watertable in 
P1006 did not respond at all (Figure 6.15). Again P1106 and P1006 show a 
delayed and smooth response to rainfall, which is expected under the 
assumption that they were measuring an accumulation of water at the bottom of 
the hillslope, caused by the indicated catchment-wide constriction in drainage 
(Heartlands, 2003). 
In August 2003, following 105mm of rainfall (Figure 6.17), there was a greater 
increase in watertable height on the Lowerslope (P1106) than on the Midslope 
(P706), providing further support for the hypothesis that P706 was measuring a 
confined aquifer in a preferential flow path, while P1106 was installed into a 
catchment-wide unconfined aquifer. If P706 was measuring a confined aquifer, 
as evidence thus far indicates, then the watertable response would be limited to 
the volume of rainfall that could enter the conducting layer at the opening of the 
confinement. The resultant response to 105mm of rainfall would be small. In 
addition, if P1106 was measuring the catchment-wide response of an 
unconfined aquifer, then it would have a larger upslope contributing area to 
supply and deliver recharge water to the existing watertable, and therefore a 
larger response to 105mm of rainfall, so the response from the rainfall in August 
2003 indicates again that P1106 is measuring a catchment-wide unconfined 
aquifer. 
6.3 Hillslope Hydrological Model Based on Field Measurement 
The measurement of hydrological processes indicates that up to five lateral flow 
paths existed at this field site. They were not necessarily mutually exclusive, 
and it is more likely that water moved vertically between them. Some were 
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disconnected paths that became connected when the hillslope became wetter 
when the drought ended in August 2003. Others were more permanent, and 
persisted throughout long dry periods. The flow paths are shown 
diagrammatically in Figure 6.18, and each is discussed below. 
Surface runoff was measured in the runoff trough at the field site (Figure 6.18-
1 ). No measurement was made on the occurrence of runoff further up or down 
the hillslope. Evidence of small rills indicates that runoff occurred elsewhere 
over the hillslope after some rainfall events. The flow recorded on August 24, 
2003 did not correspond to direct rainfall on the Midslope or Waning-Midslope 
Zones, and may have been return flow from further up the hillslope (Section 
5.4.2.3). 
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flow through a confined aquifer, 5= flow on top of bedrock, or through fractures. 
SLF occurred through the A2 horizon in the Midslope Zone, and it was 
measured in the subsurface trough (Figure 6.18-2). In most locations the A2 
horizon probably saturated due to a decrease in the hydraulic conductivity. 
between the A2 and 82 horizons. An example of this behaviour occurred on the 
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.Upperslope on July 9, 2002. In some locations on the Midslope it appeared that 
the B2 horizon did not impede vertical drainage, but saturation did occur at the 
boundary between the 2A2 and 2B22 horizons. The perched water probably 
moved laterally in the 2A2 horizon (Figure 6.18-3), or pooled up towards the 
surface to generate more SLF in the A2 horizon. 
SLF became more significant(> 0.5% of rainfall) when the hillslope soil water 
content increased to between 80%AWC and 100%AWC (Section 5.4.3.4). The 
shallow piezometer data show that saturation occurred non-uniformly over the 
site, likely to be controlled by the surface and subsurface topography and 
variations in the hydraulic conductivity of the B2 horizon. As the hillslope 
became wetter, the local watertables became more connected and the 
peizometric response to rainfall was more similar. 
The threshold water content to generate significant SLF corresponded to the 
period when the piezometers indicated more widespread saturation. This was 
interpreted to mean that on initial wetting, lateral flow paths were disconnected. 
As the hillslope became wetter beyond the threshold level, these paths became 
more connected, and a larger area of the hillslope was able to contribute to the 
lateral flow, as seen on August 24, 2003. 
A preferential flow path existed at approximately 6m (Figure 6.18-4 ). It was only 
confirmed in one location on the Midslope, but it may have been connected to 
the saturation recorded at depth in the Waning-Midslope (P206 and P3E05). A 
more average rainfall volume would enable the connection to be explored 
further, as saturation in the Waning-Midslope was only short-lived during the 
drought period of observation. Evidence indicates that this was a confined 
aquifer that received water from upslope after only 18 hours following rainfall 
events. One possible explanation is that fractures within the granite bedrock on · 
the Upperslope rapidly transmitted water down to the confined aquifer. A 
bedrock high or low permeable material such as aeolian sediment, discussed in 
Section 6.2.2, could restrict drainage of this aquifer. 
The final lateral flow path, also at approximately 6m depth, was speculative 
(Figure 6.18-5). With the drought conditions, it was not possible to ascertain the 
significance of this potential path, but saturation was observed in some of the 
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6m piezometers in the Waning-Midslope Zone under pasture on October 10, 
2003 (P206, P3E05). If this indicated a lateral flow path, it was transient, only 
activated when the soil profile was saturated. It did not play a significant role in 
moving water during this experiment, but with average rainfall conditions, there 
may be more saturation at this depth allowing more water to move laterally. As 
mentioned above, it may be connected to the water in the confined aquifer, but 
the evidence available does not conclude any solid relationship. Tracer analysis 
of the two watertables could assist in this interpretation. 
On the Lowerslope of the field site, significant saturation occurred both in the 
surface horizons and at depth. Any water infiltrating the surface on the 
Lowerslope rapidly saturated the soil because vertical drainage through the B21 
and B22 horizons, which were composed of aeolian material (Section 4.4.4 ), 
was extremely slow, and lateral flow was restricted by the low topographic 
gradient. The gradient on the Lowerslope was as low as 4%, which contrasts to 
the 10% gradient on the Midslope, where SLF was recorded, implying that the 
threshold gradient for significant SLF under these conditions was between 4% 
and 10% as already indicated in Section 4.4.5. 
At depth on the Lowerslope, a persistent watertable with a delayed and diffuse 
response to rainfall existed. Complementary research located a constriction in 
the catchment drainage at the bottom of this hillslope (Heartlands, 2003), Which 
had caused the watertable. This research supports that hypothesis. 
6.4 Potential for Soil Morphology to Infer Hillslope Hydrology. 
Soil morphology and chemical properties of the hillslope were used to propose 
a picture of the hydrological flow paths of the field site (Section 4.4.5). The 
following discussion is on the correlation between the predicted hillslope 
hydrology, as determined by the soil properties, topography, and the measured 
hydrological response (Section 6.3). In essence this section details the testing 
of the hypothesis that soil morphology can be used to estimate lateral flow 
paths, and therefore have the potential to assist in efficiently locating tree belt 
plantations. 
In general the proposed hydrological model based on the soil and topographic 
properties of the field site alone gave a good approximation of the observed 
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hydrological behaviour of the hillslope. Following a detailed study of the soil 
properties four lateral flow paths were proposed: surface runoff, SLF through 
the A2 horizon, flow through the 2A2 horizon and deeper bedrock flow down to 
the Lowerslope. Hydrological measurement found that these paths did exist, as 
well as suggesting the possibility of an additional path. 
Surface runoff was gauged at only one location (on the Midslope), but anecdotal 
evidence indicates it occurred elsewhere. As it was only measured at one 
location it is not possible to conclude the proportion of runoff that travelled from 
the Upperslope to the trough as surface runoff, what proportion was local runoff, 
and what proportion infiltrated and returned to the surface as saturation excess 
flow. To locate tree belts, identifying that surface runoff occurring at a particular 
location is more important than identifying the source of the water. 
SLF through the A2 horizon also occurred on the field site. The increase in the 
occurrence of saturation down the hillslope corresponded to an increase in the 
redox alteration and bleaching in the A2 horizon. One of the most useful 
indicators of flow at the Holbrook field site was the colour of soil horizons where 
the A2 horizon was a pale colour (1 OYR 7/3), saturation was small and very 
infrequent, but when the A2 horizon became light grey, very pale brown, or 
white (1 OYR 7/2, 1 OYR 7/4 and 1 OYR 8/2), saturation increased. 
In conjunction with the colour of the A2 horizon, the colour of the B2 horizon 
showed potential to be a useful indicator on the lateral movement of water. If 
saturation in the A2 horizon persisted for a long duration then the B2 horizon 
was more likely to exhibit features of a waterlogged soil compared to if the 
water was able to drain laterally. On the Waning-Midslope and Midslope, the B2 
· horizon was yellow-brown to grey-brown (1 OYR 6/4 and 1 OYR 5/2, 
respectively), while on the Lowerslope the B2 horizon (B21) was dark-grey 
(1 OYR 3/1) and gleyed. This shows that the B2 horizon further upslope was 
more ae.rated than on the Lowerslope, which may be a reflection that SLF 
occurred more readily on the Waning-Midslope and Midslope compared to the 
Lowerslope. 
The soil interpretation indicated that flow through the A2 horizon connected the 
Upperslope to the Lowerslope, which proved to be the case only when the 
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hillslope soil water content was close to field capacity. Soil morphology is a 
reflection of the dominant hydrological processes that occur at a location - in 
this case the features of the A2 horizon was formed from many years with a 
rainfall closer to the long-term average than during this observation period. In a 
year with average rainfall it is likely that the saturation and SLF in the A2 
horizon would be more continuous and better reflect the soil morphology at the 
field site. However, caution must also be taken when interpreting soil 
morphology as there may be a lag between the current hydrological conditions 
and the soil features reflecting it, as found by Cox et al. (1996). 
The buried A2 horizon (2A2) on the Midslope was likely to be a significant 
determinant of hydrological behaviour according to the soil interpretation. Field 
measurement showed that when the hillslope saturated, the 2A2 horizon was 
most likely to be transmitting water laterally, and possibly providing a water 
source for near surface saturation downslope. The distribution and local 
variation in the permeability of the 82 horizon was probably controlling the 
vertical movement of water into the 2A2 horizon. 
Another discrepancy between the soil interpretation and the observed hydrology 
was the inference of a transient watertable on top of the bedrock in the Waning-
Midslope Zone. Soil morphology such as mottling and redox alterations implied 
that a watertable periodically formed on the bedrock with resulting saturation up 
through the 2823 horizon. The piezometers showed a small depth of saturation 
in spring 2001 and spring 2003, when the hillslope was essentially at field 
capacity (Figure 5.9), but this did not extend beyond the C horizon. Nor was 
there any significant fluctuation in the soil water content at that location and 
depth, which may have indicated fluctuating hydrological conditions. Again, it is 
possible that during years with more typical rainfall a larger volume of saturation 
would occur and increase the correlation with the soil morphology. 
Another explanation for the difference between the hydrological expectations 
from the soil morphology and the actual hydrological measurement is that the 
soil morphology may have been ·a relic feature from past climatic and 
topographic enviro_nments. There is not an easy and efficient method to 
distinguish between current and relic features (Vepraskas, 1992) and hence 
caution must be taken when using soil features to interpret hydrology. This is 
191 
Conceptual Hydrological Model for the Field Site 
part of the reason why Daniels et al. (1987) state that morphological features 
should not be used on their own as an indicator of water flow. Soil morphology 
needs to be supported by knowledge of the landscape position, soil physical 
properties and groundwater hydrology (Khan and Fenton, 1994 ). 
The interpretation from soil morphology did not distinguish a preferential flow 
path, probably confined, at approximately 6m on the Midslope (P706). This path 
rapidly accumulated water, and a bedrock high, or impeding clay layer restricted 
lateral drainage. 
The presence of mottles and iron (Fe) and manganese (Mn) segregations were 
a good indicator of periodic saturation, and generally an increase in abundance 
and size corresponded to an increase in the period of saturation. However, care 
must be taken when explicitly interpreting these features. The abundance of 
these redox alterations can reflect the period of saturation (Crown and Hoffman, 
1970; Simonson and Boersma, 1972; Khan and Fenton, 1994 ), but the 
reduction of Fe, for example, can also be affected by the presence of organic 
matter (Vepraskas, 1992). 
Additional processes affecting the reduction of Fe were evident in the soil profile 
on the Lowerslope of the field site (Section 4.4.4 ). On the Lowerslope there was 
a complicated pattern of small and large abundance of Fe and Mn segregations 
. and mottling, and the specific interpretation for each soil horizon did not form a 
physically logical picture. The most certain interpretation from these features 
was that there was a significant degree of periodic saturation at depth in that 
part of the hillslope. Therefore, mottling and redox alteration are valuable for a 
general interpretation, but like soil properties should not be considered to easily 
provide an exact hydrological interpretation. An exact interpretation is not 
required for this research, as the important requirements are whether or not 
significant SLF occurs, and if water is available for tree use. 
In summary, the soil morphology (mainly soil colour and redox alterations) was 
able to distinguish the main areas of saturation and potential lateral flow paths 
down this hillslope. They were not tested on their potential to provide 
quantitative estimates on the volume of saturation and lateral flow because the 
hydrological measurements at the field site were taken during a drought period 
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so they may not be reflective of the average hydrological conditions. More 
importantly, that degree of precision is not necessary in order to locate areas 
where excess water is generated and likely to move as lateral flow. 
Using soil morphology to interpret the hydrology of a hillslope is beneficial, as it 
does not require monitoring over a long period of time (i.e. throughout a 
calendar year) with typical rainfall. Instead it provides an integrated reflection on 
the dominant hydrological conditions at a location in a single sample. However, 
soil morphology can be highly variable so several soil samples would be 
required to estimate the average hydrological response for a hillslope. Caution 
must be taken the features are reflecting the current hydrological environment 
and not relic conditions. If the soil morphology indicates that saturation and 
lateral flow have occurred in the past then further testing may be desirable, 
including measurement with piezometers, or anecdotal evidence of 
waterlogging, and indicative species (e.g. Juncas species). 
This research indicates that patterns in soil features, such as changes in soil 
colour, mottling and Fe and Mn segregations, have the potential to efficiently 
estimate the hydrological response for a hillslope, identifying the locations and 
depths where saturation and lateral flow are likely to occur. Thus preliminary 
soil description would be a valuable tool when assessing a site for a tree belt 
plantation. 
6.5 Effect of the Tree Belt on the Hillslope Hydrology 
- Surface runoff and SLF were measured in the runoff troughs 50m downslope of 
the tree belt. This may mean that the trees were not intercepting all the surface 
runoff and SLF from upslope, with water moving through the trees and being 
captured in the trough. Alternatively, the trees may have been intercepting all 
the surface runoff and SLF, but flow was being generated again within 50m of 
the hillslope. Evidence from the hillslope water balance analysis (Section 5.3.2) 
indicated that if the excess water generated on the Waning-Midslope under 
pasture was moving laterally, then the buffer of dry soil beneath the tree belt 
was intercepting it. The tree belt was only 50m wide, which is a comparably 
small length of the hillslope that was able to intercept the lateral flow (surface 
runoff plus SLF) from upslope. In the same period, excess water was being 
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generated on the Mid slope, downslope of the tree belt. This implies that the 
single tree belt located on this hillslope was not completely preventing surface 
runoff and SLF down to the Lowerslope, and an additional plantation may be 
beneficial. 
There was some evidence of saturation and lateral flow through the 2A2 
horizon, expressed most strongly downslope of the tree belt (P6E02). Again, 
this supports the theory that excess water was available to move laterally and 
accumulate on the Lowerslope. 
The other lateral flow paths that existed at the field site ran at a greater depth 
(i.e. 6m below the surface) and the analysis shows that that water was too deep 
for at least one tree species in the plantation at Holbrook. The confined aquifer 
that persisted throughout the drought on the Midslope occurred at about 6m 
depth (i.e. measured in P706), too deep for the Acacia melanoxylon species, 
because if they had been able to access that water they would not have died 
from water stress in February 2003. It may be that the Eucalypt species were 
able to use this water, which is Why they survived the drought. 
It was estimated that the rooting depth underneath the tree belt was 5m 
(Section 5.2), and the soil water measurements do not show any change in the 
soil water content at 5.50m (Figure 5.5), maybe because the confined flow path 
was supplying water to this depth at the rate of evapotranspiration, thus 
maintaining a constant soil water content. Alternatively, the rooting depth may 
be between 5.0m and 5.5m, and the tree roots were not able to intercept deeper 
lateral flow. In other studies (McJannet et al., 2000; Greenwood et al., 1994; 
1995) the trees i_n the respective plantations were not able to intercept the water 
flow in a deep aquifer, and this was attributed to be the reason that the tree 
plantations were not successful in treating waterlogging and salinity on the 
lower slopes. Therefore when locating a tree belt plantation on a hillslope it is 
imperative that the tree roots are able to intercept the dominant lateral flow 
paths to be able to assist in controlling waterlogging and salinity. 
Soil water content beneath the tree belt decreased by 243mm from February 
2002, the first summer of the drought, to February 2003, when the acacia trees 
began to die. The total incident rainfall in that period of 530mm, and assuming 
194 
Conceptual Hydrological Model for the Field Site 
no lateral run-on from upslope, a total water supply of 773mm was not sufficient 
to maintain this combination of tree species, in this tree belt design, throughout 
the dry period. The water requirements for drought resilience in a tree belt are 
important, particularly as Australia is prone to regular droughts. If there is not a 
persistent watertable available to a tree belt, the trees are reliant on rainfall and 
the soil water store for survival in drought periods. If an aquifer exists but it is 
not available to the trees, and the soil water store is not sufficient to sustain tree 
growth, then tree mortality can be expected throughout drought periods, as 
happened at the Holbrook site and at a Break-of-Slope (BOS) plantation at 
Warrenbayne (McJannet and Vertessy, 2001 ). The water storage capacity of 
the soil is important information to be considered when locating a tree belt 
plantation. 
The evidence presented here showed that lateral flow (surface runoff and SLF) 
was still likely to be contributing to water accumulation on the Lowerslope at the 
Holbrook site. Surface runoff and SLF, flow in the buried A2 horizon (2A2), and 
lateral flow in the confined aquifer all existed downslope of the tree belt. It is not 
possible to conclude whether the lateral flow was being generated below the 
tree belt, or whether it was flowing through the tree belt from upslope, although 
the information available indicates the former. Regardless, this implies that 
there was enough water in near surface flows on the hillslope to support a wider 
tree belt, or a second belt downslope at particular times of the year. However, 
given the tree mortality during the extended drought period it may be that the 
tree belt should be located further down the hillslope to still intercept the shallow 
flows, but to also be able to utilise the deeper flow and be more drought 
resilient. Tree belt design is discussed further in Section 8.3.2.3 and a tool is 
given to assist in estimating the tree belt width and inter-belt spacing that can 
be used for any proposed tree belt plantation. 
The trees appeared to be preferentially using soil water near the surface 
(Section 5.2), and only in the extended dry periods did they begin to use water 
from a greater depth. McJannet and Vertessy (2001) also note that the tree belt 
planted on a hillslope near Warrenbayne, Victoria, dominantly used water from 
the top 1 m of soil. In this case tree belts are more likely to intercept shallow 
lateral flow that occurs at a depth where the trees extract most of their water, 
than deeper bedrock flow. 
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This research showed that the deep confined aquifer flowed throughout the 
drought, but other possible lateral flow paths at 6m were dependent on a wet 
soil profile that only occurred in winter and spring, when the nearer surface 
water content was also high and the tree would not draw on the deeper lateral 
flow paths. Therefore, if trees are being placed to intercept lateral flow, it is 
more important that there are lateral flow paths near the surface (within 3m), as 
the near surface soil water is more likely to be used by the trees. Deep lateral 
flow paths are only of real importance if the tree roots can intercept them, and 
they exist during summer and drought periods when surface water stores may 
be limited. Stirzaker (2002a) also commented that field studies throughout 
Australia show that groundwater is most commonly used once soil water stores 
were depleted, as a mechanism for survival. So when locating a hillslope for a 
tree belt plantation lateral flow paths that are nearer the surface are important 
than deeper ones below the rooting depth. 
It has been noted that if lateral flow dominantly occurs in the winter period when 
evaporation demand is low, the trees may not use the water moving as lateral 
flow (Silberstein et al., 2002). A decrease in the evapotranspiration of forests in 
winter has been measured (Dunin et al., 1999), and attributed to a vegetation 
response to increase the soil water store, which is then utilised during the 
summer months. The major role for the tree belt may therefore be to use the 
soil water store over the summer and therefore provide a buffer of dry soil to 
limit lateral flow to the Lowerslope in the wetter months. If significant lateral flow 
only occurred during the winter months, when rainfall exceeded the potential 
evaporation, then it is important to determine the size of the buffer required to 
provide any recharge-limiting benefit to the Lowerslope during wetter periods. · 
The cause of waterlogging at a site needs to be determined to optimise the 
benefits from any attempt to dry out the land. The waterlogging that occurred on 
the Lowerslope at the Holbrook field site was accelerated due restricted vertical 
and laterally drainage (Section 6.3). Limiting the run-on from upslope by 
planting more trees across the hillslope could decrease waterlogging, but 
planting some perennial vegetation on the waterlogged site would increase the 
local soil water use, and assist in reclaiming the land. Other studies 
(Greenwood et al., 1992; George, 1990) have found planting perennial 
vegetation on the discharge zone to be successful at treating the waterlogging 
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problems. 
If the waterlogging resulted from a deeper accumulation of water, and the 
dominant lateral flow paths were generally too deep for trees to intercept lateral 
flow down the hillslope, then planting trees on the recharge zone may be more 
beneficial at reducing the waterlogging. Plantations on the recharge zone could 
use the rainfall as it moved vertically through the rooting depth thereby 
decreasing the recharge to the deeper lateral flow paths that otherwise could 
not be intercepted by a tree belt plantation. 
6.6 Chapter Summary. 
This chapter presented an analysis of the peizometric data from the 
hydrological monitoring site near Holbrook, New South Wales. The data were 
used to identify the dominant lateral flow paths at the field site and to improve 
the understanding of the hydrological response of the hillslope given by the 
analysis of the soil water content (Chapter 5). With that knowledge the potential 
for soil morphology to assist in locating tree belt plantations on a hillslope was 
explored. This was followed by an investigation into the effectiveness of the tree 
belt in limiting recharge to the Lowerslope at this field site, and important 
considerations for other sites. 
In this chapter it was found that: 
* Saturation in the A2 horizon was transient. It occurred 
sporadically across the site, mainly on the Midslope and 
Lowerslope. At the hillslope scale the surface topography 
corresponded to the occurrence of saturation and SLF, with 
the threshold gradient for SLF falling between 4% and 10%. 
* At a smaller scale the subsurface topography and hydraulic 
conductivity of the B2 horizon controlled the distribution of the 
saturation. As the hillslope became wetter, saturation over the 
hillslope became more connected. 
* Transient saturation occurred in the 2A2 horizon on the 
Midslope when the hillslope profile was wet. Evidence 
indicates that this resulted from an impeded · drainage by the 
197 
Conceptual Hydrological Model for the Field Site 
2822 horizon, and may have been responsible for saturation 
up to the A2 horizon. 
* A confined aquifer existed at approximately 6m depth on the 
Midslope (i.e. measure in P706). It was likely to have been 
provided water through granite fractures close to the surface 
on the Upperslope and had restricted drainage from a bedrock 
high or the presence of other material with low permeability. 
* A watertable existed at depth (approximately 6m) on the 
Lowerslope and appears to have formed from a catchment-
~ide accumulation of water, held in the catchment by a 
constriction in drainage also noted in Heartlands (2003). 
* . The hydrological model, based on the field results, indicates 
there were five lateral flow paths. They were surface runoff, 
SLF, flow through the 2A2 horizon, flow through a confined 
aquifer at depth and possibly on top of the bedrock. 
* Soil morphology (mainly colour and redox alterations) are 
easily determined in the field and effectively identified the 
dominant lateral flow paths for the field site to an accuracy 
sufficient to assist in locating tree belt plantations. However, 
caution needs to be taken that the soil morphology are not relic 
features, so supportive measurement or anecdotal evidence, 
such as species indicative of excess, is recommended. 
* A soil water store or permanent aquifer at depth is important 
for tree survival during drought periods. In this field research, 
from the first summer to the second summer in the drought 
period, a total of 7 43mm (i.e. rainfall plus change in soil water 
content, ignoring lateral run-on) was not sufficient to sustain 
both tree species in the belt plantation. 
* The Acacia melanoxylon species, and possibly also the 
Eucalyptus saligna, were not able to intercept the deep lateral 
flow path (at approximately 6m depth), resulting in the death of 
the Acacia species. 
* The trees used near surface water preferentially (Section 5.2). 
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The trees are therefore more likely to create a buffer of dry soil 
nearer the surface on typical rainfall years. They will be most 
effective at intercepting surface and shallow lateral flow. 
* Deeper soil water stores, lateral flow paths and permanent 
watertables were only likely to be used during extended dry 
periods, but those stores are important for drought resilience 
for some species. 
* Saturation and lateral flow were occurring downslope of the 
tree belt, so there was sufficient water to support a wider or a 
second tree belt at particular times of the year, but drought 
resilience of the trees m~y be increased if the belt was located 
further down the hillslope. 
In the next chapter, quantitative model simulation is used to conduct a 
sensitivity analysis on SLF, investigating how it as affected by rainfall, 
topographic and soil properties. Instead of calibrating the model for the field 
site, input values typical to southeast Australia were used to provide a more 
generalised investigation. 
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Chapter 7 Sensitivity Analysis Investigating the 
Conditions Required to Generate Subsurface Lateral 
Flow 
7 .1 Introduction 
Field research at the Holbrook site found that SLF accounted for no more than 
1 % of rainfall, but the study period did fall during a drought (Section 5.4.2). 
From the literature review in Chapter 2, subsurface lateral flow (SLF) can 
account for up to 10% of rainfall in southern Australia (e.g. Smith and Hebbert, 
1983; Turner et al., 1987; Flemming and Cox, 1998; Heng et al., 2001; White et 
al., 2000) and more if it directly intercepts a ground watertable (George and 
Conacher, 1993). Unfortunately, there is little known about the factors 
generating SLF in the region of southeast Australia. 
A modelling sensitivity analysis is conducted to support the interpretation of 
hillslope hydrology at the site near Holbrook. It was completed during the initial 
stages of field site monitoring so is not intended to be verified using the field site 
data. Instead the aim was to improve the understanding of the soil, topographic, 
and rainfall conditions required to initiate SLF in southern New South Wales, 
and assist in prioritising the key influencing variables. 
In this chapter, the benefits of modelling as a research tool are presented 
followed by a brief discussion of the advantages and disadvantages of different 
types of models. The HILLS model (Smith and Hebbert, 1983) was chosen for 
application in this study because it was capable of representing the physical 
processes associated with hillslope flow generation. The model is described, 
including how it accounts for the critical site properties that influence SLF. A 
sensitivity analysis is then undertaken to explore critical factors influencing SLF 
and the combination of conditions required for the initiation of significant SLF. · 
This work has been published in Ticehurst et al., (2003a). 
7.2 Modelling as a Research Tool 
Simulation modelling can be used to predict the outcomes of particular 
scenarios, or to describe current processes and thereby improve our 
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understanding of particular systems (Grayson et al., 1992). Describing the 
natural environment with models is difficult because of the complex physical, 
chemical and biological processes working at varying temporal and spatial 
scales (e.g. Jakeman et al., 1994 ), and consequently environmental models are 
only ever "a simplification of reality" (Hook et al., 1998:241 ). This simplification 
of the environmental processes creates uncertainty to the model results so to 
limit this uncertainty it is important that a model appropriately represents the 
processes it describes. 
In an attempt to capture the complexity of the environment some researchers 
such as O'Loughlin (1986) have developed complex models like TOPOG that 
intend to independently represent most of the interacting processes in a 
particular environment. Uncertainty also exists with these models, as discussed 
by Seven (1989), due to the number of parameters required to run the model 
and the assumptions made in determining the input values of these parameters. 
The disadvantages with complex models are discussed in more detail in Section 
7.2.1. 
To minimise the uncertainty in model simulation output, a model should be 
selected that includes only the relevant processes for the desired purpose (Burt 
and Butcher, 1986; Jakeman et al., 1994 ). 
7 .2.1 Types of models used in hydrology 
There are three basic types of models used in hydrology (Ye et al., 1997), 
although the boundaries between them are not absolute. Models vary in their 
numerical and parametric complexity, input requirements, possible response 
variables, and certainty of output. ·Hence, they vary in their suitability to meet 
the aims of sensitivity analysis. 
Empirical models tend to involve a simple, direct and often abstract statistically 
derived relation between an input and output, and may not provide any 
information about the physical cause of the outcome (Hook et al., 1998). As 
they are . based on observations, they are generally not transferable to another 
site or time frame, and have been generalised by Ye et al. ( 1997) and Dawes et 
al. (1997) to be not particularly useful for making predictions. However Jury et al 
(1986) was successful in developing a model that relies on a stochastic 
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relationship that was transferable in space and tfme. 
Conceptual models lump several processes together and link each element with 
simple mathematical equations (Blackie and Eeles, 1995; Ye et al., 1997). The 
aim is to create a simple representation of the processes at work, much like the 
qualitative equivalent of a block diagram. Their simplicity means they are 
generally quite robust and their structure can be transferred from one location to 
another (Hook et al., 1998). There are conceptual models widely used to predict 
streamflow (Ye et al., 1997). However, by representing more than one process 
in a single mathematical equation it is not possible to extract detailed process 
information from within each element. Grouping processes minimises the 
number of model parameters required, but a lengthy data set may be required 
to determine these values well. Using observed output data to determine the 
parameter values of grouped processes is advantageous (and common 
practice) because it integrates the catchment complexity that may not be 
reflected by point field measurements for specific hydrologic processes. The 
parameters are part of the solution of the inverse problem, in which system 
characteristics must be discovered from output data. 
Physically-based models are generally the most complex model type because 
they explicitly detail each process specifically "based on our understanding of 
the physics of the hydrological processes" (Beven, 1985:405). Usually this 
means that each process is described by a different transport or conservation 
equation. 
Greater complexity does not necessarily mean the model is better, and simple 
lumped models have performed as well as, or better than, physically-based 
models (Loague and Freeze, 1985) in many cases. A large number of 
parameters are required by the complexity of physically-based models~ and 
parameterisation requires detailed data (Bronstert, 1999). Many parameters can 
be dire·ctly measured in the field, but point field measurements are frequently 
used to estimate processes modelled at a larger scale, which may not be 
adequately represented by a single data point. Sampling scale and method can 
strongly influence the field measured values (Lee et al., 1985; Lauren et al., 
1988; Davis et al., 1999), and field heterogeneity can cause problems in 
parameterising the model (Kim and Delleur, 1997). 
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While it is possible in principle to transfer physically-based models between 
sites, the _uncertainty of field measured values makes it generally more difficult 
to transfer these models temporally or spatially (Jakeman et al. , 1994 ). 
Physically~based models explicitly include underlying processes (Beven, 1985), 
which enable the assessment of the relative importance of different processes 
and input data (Hook et al., 1998). However, the uncertainty associated with the 
input data required might result in unreliable scenario responses and mean that 
· the fine detail of the model cannot be fully utilised (Jakeman and Hornberger, 
1993; Jakeman et al., 1994 ). Freeze (1972 b: 1282) concluded that detailed 
physically-based models, including those describing both saturated and 
unsaturated subsurface flow, have "the potential to contribute realistic and 
accurate simulations of source area runoff generation", but this potential was 
limited by computer power and available data. Some 20 years later the 
availability of suitable data was still considered a problem (Grayson et al., 
1992). And again in 1999 uncertainty in the saturated soil water contents 
restricted the estimation of saturated area from detailed TOR data (Western et 
al., 1999). 
7.3 Choosing a Method of Sensitivity Analysis and a Model 
Sensitivity analysis can be performed using many different methods. Some 
methods are referred to as 'fuzzy', because they account for several parameter 
sets used by the model to describe a field site response, rather than a single 
optimal set. Several input parameters are varied at the same time. After many 
simulations the parameter set_s that gave acceptable responses are collated, 
and the acceptable range of each input parameter is used to gauge its effect on 
the model response. Examples of this approach include the Monte Carlo 
technique used by Bootlink et al. (1998), the Generalised Likelihood Uncertainty 
Estimation (GLUE) technique (Beven and Binley, 1992), and Regionalised 
Sensitivity Analysis (Hornberger and Spear, 1981 ). 
Other sensitivity analyses are more simplistic. All parameters are kept constant, 
except for a lone parameter being tested. One parameter p at a time is 
perturbed top+ .tip in consecutive simulations to measure the effect on the 
outputs (~O from 0) of the model, i.e. to determine how 'sensitive' the output is 
to that parameter. A simple measure of this is -~p/~O, where L'.\O may represent 
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a perturbation from O at a point in space or time, or some integration of such 
variations. The quantity of the output (~p/~O) can co-vary with other input 
parameters. This approach has for example, been used by Cresswell et al. 
(1994) to judge the sensitivity of the water balance to inputs parameters using 
the CONSERVB model. The latter, more simplistic approach is used in this 
simulation. 
Several researchers have carried out simulations on hypothetical hillslopes 
using physically-based models to help understand lateral flow. Variables tested 
in these analyses include rainfall intensity and duration, saturated hydraulic 
conductivities, soil storage capacity, and hillslope shape and gradient. SLF was 
found to be more influenced by the volume rather than intensity of rainfall 
(Wallach and Zaslavsky, 1991 ), and Jackson (1992) concluded that anisotropy 
affects the magnitude of SLF, but does not influence the evolution of flow. 
Freeze (1972a; 1972b) found that on convex slopes, the saturated hydraulic 
conductivity was more influential on SLF than the rainfall properties, soil depth 
and hillslope gradients. 
Simulation experiments with physically-based models have also been used to 
gain site-specific information. In one example from the Netherlands (Ritsema et 
a/., 1996) the input parameters were determined from measurement on loessial 
hillslopes, and simulations were used to determine the importance of lateral 
flow, compared with vertical flow, during rainfaH events. In that case, vertical 
drainage dominated over lateral hillslope flow. 
In some of the studies mentioned above the input parameter values were 
determined from field measurement sites outside Australia, and in others the 
input values were defined by the user for a hypothetical hillslope. As illustrated 
in Section 2.4, the interactions between the properties of a hillslope are 
complex, and the importance of different variables is not constant between 
sites. Therefore, for this research an analysis specifically relating to conditions 
in south-east Australia is required. 
Physically-based models have been useful tools in studying SLF in the past, 
because they have provided insight into the internal processes at work under 
given conditions. That type of model is more likely to explicitly account for the 
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important soil, topographic and rainfall properties that need to be tested in this 
work, compared to conceptual models. Physically-based models are also more 
likely to provide information on the physical cause of the predicted outcome, 
compared to empirical models. Therefore a physically-based model was chosen 
as the best type of model to assist in determining the soil, topographic and 
rainfall properties required to generate SLF in southern New South Wales. 
7.4 HILLS Model Description 
The HILLS model is a two-dimensional, physically distributed, hillslope 
hydrology model (Figure 7 .1) (Smith and Hebbert, 1983). The model quantifies 
surface runoff, infiltration, saturated and unsaturated subsurface flow, 
evapotranspiration and vertical drainage on a hillslope with two layers. Below is 
a description of the model with reference to these processes. For a more 
detailed description of the model, and model validation, see Smith and Hebbert 
(1983), and Hebbert and Smith (1990). Some improvements to the internal 
process calculations have been made to the model since these publications, 
and the most recent Microsoft Windows version available at the time of this 
research (Version 7.01, January 2001) was used for this study. 
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(x) [eq1] 
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Define surface slope and soil depth (y) at up to 10 places along the slope 
Figure 7.1 A hillslope section showing the graphical representation of the HILLS model. 
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7.4.1 Surface runoff 
If the upper soil layer is saturated, (the height of the saturated zone h is greater 
than the soil depth y), the rainfall runs off as saturated surface runoff R0 • If the 
soil is not saturated (h<y) then the rainfall intensity Riis compared to the vertical 
saturated hydraulic conductivity of the upper layer Ku. If the intensity is greater 
than the conductivity (Ri > Ku), the water ponds on the surface, and some of this 
water infiltrates, but the excess runs off as surface runoff R0 • The surface runoff 
moves in a kinematic wave based on mass conservation, which is explained in 
detail in Smith and Hebbert (1983). Surface runoff is also limited with a Manning 
Roughness term (Chow, 1959) for resistance to flow (Equation 7.1 ). 
aa b1aR . 
-+CbpR - -=w(x)(1-f) 
at ax 7.1 
and 
7.2 
where mn is the Manning's roughness coefficient, $ 0 is surface gradient of 
hillslope, a is the cross-sectional surface runoff area, R is the hydraulic radius, p 
is the wetted perimeter, w is the local section width, b is the hydraulic exponent; 
(i-f) is the rainfall excess, tis time, and xis distance down the hillslope. 
7.4.2 Unsaturated flow 
If the rainfall intensity is less than the vertical saturated hydraulic conductivity of 
the upper layer (Ri < Ku), all the water infiltrates into the unsaturated zone. The 
unsaturated flow is assumed only to move vertically, according to Richard's 
equation of mass conservation (Philip, 1969) given in Equation 7 .3, where the 
vertical flux q is determined according to Darcy's law adjusted for diffusivity of 
the unsaturated flow (Equation 7 .4 ). Thus 
-=- O(0)--K(0) -e(z,t) ae a [ ae ] at . az az 
ae q = -D(0)-+K(0) 
az 
7.3 
7.4 
where 0 is the volumetric water content, tis time, z is distance below the soil 
206 
Sensitivity Analysis Investigating the Conditions Required to Generate Subsurface Lateral Flow 
surface, K(0) is unsaturated vertical hydraulic conductivity, 0(0) is soil water 
diffusivity; and e is a source or sink term. 
Unsaturated hydraulic conductivity varies with water content. The soil water 
content is normalised as a proportion of saturation, and is used when 
determining 0 as a function of potential. The actual water content 0 is compared 
to the residual Br and maximum 0s water contents, where Br is the amount of 
I 
water that cannot be removed from the soil by a decrease in potential, and 0s is 
the water content at saturation. The normalised value e is calculated as 
0 = (0-0r)/(0s -0r) 7.5 
The Brooks and Corey (1964) Equation is used to determine the relationship 
between the soil matric potential lf/m and normalised water content e in the 
unsaturated zone (Equation 7.6), where Pb is the soil bubbling pressure 
(analogous to air entry potential), and ;Lis the pore size distribution index. 
7.6 
The unsaturated hydraulic conductivity, based on the Brooks and Corey relation 
IS 
7.7 
where Ku is the saturated hydraulic conductivity of the upper soil layer, and Eis 
assumed to be (2 + 3'A)tA. 
Once the water has entered the unsaturated zone at the rate determined by 
Equation (7.7), the flux is reduced according to the kinematic approximation. 
The kinematic method reacts rapidly to step changes in the rainfall intensity for 
waves moving down the soil profile, but is unable to make adjustments for 
upward movement of water due to changes in evaporation rates. 
7.4.3 Saturated flow 
When the unsaturated flux through the upper soil layer, minus any loss due to 
evapotranspiration, is greater_than the saturated hydraulic conductivity of the 
lower layer K1, saturation occurs. If a ground watertable is present, water can 
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enter the saturated zone from below, at a rate defined by the user q1• The 
boundary between the two layers is assumed to be reasonably impermeable, so 
changes in the vertical flux from below are only small. If a watertable is not 
present water can seep vertically out of the saturated zone and be lost as 
vertical drainage Dv. Therefore the net flux qn of water into the saturated zone at 
time t, at x metres down the hillslope, is 
7.8 
where qu(x,t) is the vertical flux from the unsaturated soil above; and qI(x) is the 
flux into or out of the lower layer. 
Lateral flow in the saturated layer is assumed to run parallel to the interface 
, 
between the two soil layers. The flux is based on the Dupuit approximation of 
Darcy's law, described in detail in Smith and Hebbert (1983), and at time t, x 
metres down the hillslope, 
{ 
. 8h(x t) } Q(x, t) = Kh (h(x, t) + c, )(sin(y )-cos(y) ax' ) 7.9 
and Kh = a Ku 7.10 
where Q(x,t) is the horizontal flux, Kh is the saturated horizontal hydraulic 
conductivity of the upper layer, a is a constant factor defining the anisotropy, Ku 
is the saturated vertical hydraulic conductivity, r is the local soil interface 
gradient, h(x,t) is the depth of saturation normal to the interface, and c, is the 
capillary fringe height. 
7 .4.4 Evapotranspiration 
Water can be lost from both the unsaturated and saturated zones of the upper 
soil layer due to evapotranspiration, but evapotranspiration stops during rainfall 
events. The actual evapotranspiration rate Eah is based on the potential daily 
pan evaporation rate Epd and the soil water content e. 
If the water content of the soil, or alternatively the matric potential lflm, is such 
that it does not limit evaporation, then Eah equals Eph (Equation 7 .12). However 
when \Jf m reaches a critical value lflcrit , Eah will only be a portion of Eph• The 
evaporation reduction rate Fe is based on an exponential function (Equation 
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7.13) - Eah will reduce at the rate Fe, until a minimum potential is reached lf/min• 
At this point Fe= 0, and the soil is too dry to allow further evapotranspiration. 
In summary, at time (t): 
Eah(f) = Fe X Eph(f) 
where if: 
lj/m > lj/crit Fe= 1 
lj/ min < lj/m < lj/crit 
lj/m < lf/crit Fe =0 
7 .4.5 Boundary conditions and assumptions 
7.11 
7.12 
7.13 
. 7.14 
The vertical boundary at the top of the hillslope is assumed to be at x=0, and 
the model does not allow water to enter or leave from that end of the hillslope. 
The boundary for saturated flow at the bottom of the hillslope Hout is defined as 
the vertical height of saturation above the interface of the two soil layers. This 
height can then be set to vary kinematically as saturated flow moves past that 
boundary during the simulation. The lateral boundary between upper and lower 
soil layers is defined by the K, and q, values. Once water has moved into the 
lower soil layer it is recorded as vertical drainage Dv and does not re-enter the 
profile at any point. 
The model also calculates the cumulative water balance error for each 
simulation, which is the error in the balance between water inputs, outputs, and 
storage on the hillslope for each timestep, summed over the whole simulation. 
7.5 Suitability of HILLS for Sensitivity Analysis 
The important criteria, which affect the generation of SLF, were discussed in 
Section 2.4. HILLS· (Smith and Hebbert, 1983) is well suited to the study of SLF 
as it explicitly incorporates the rainfall intensity and duration, hydraulic 
conductivity of two soil layers, soil water storage capacity, and topographic 
shape. 
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7 .5.1 Rainfall 
HILLS uses a variable subdaily timestep, so it can operate in minutes during 
rainfall events, and then in hours between events, thereby increasing model 
efficiency. This small timestep enables HILLS to account for varying rainfall 
intensities R;, and infiltration excess surface runoff described in Section 2.2.2. 
7 .5.2 Soil hydraulic conductivity 
In HILLS, the user can set both the horizontal and vertical saturated hydraulic 
conductivity. The horizontal conductivity of the topsoil is defined by specifying 
the ratio a between the horizontal Kh and vertical Ku conductivities of the upper 
soil layer (Equation 7 .10). The ratio a is model limited to values from 1 to 5. 
HILLS allows the saturated hydraulic conductivity of two soil layers to be 
defined. The upper layer hydraulic conductivity Ku is constant over the length of 
the hillslope, but the saturated hydraulic conductivity of the lower layer can be 
varied from the top K1 to the bottom q, of the hillslope. This enables an 
investigation into the SLF depending on the properties of an impeding layer, 
and the ratio between the conductivities of the surface and subsurface layers. 
7 .5.3 Soil water storage capacity 
The soil depth and antecedent water content affect the soil storage capacity and 
therefore influence the occurrence of SLF. In HILLS the soil depth y is defined 
at up to 10 points along the hillslope, so the user can vary the soil depth along 
the hillslope. Also HILLS allows specification of the antecedent moisture 0to be 
defined as a fraction of the porosity at the beginning of each model run. 
7.5.4 Topography 
Both the shape and average hillslope gradient affect SLF. In HILLS the surface 
gradient is defined at up to 10 places along the hillslope, as with the soil depth. 
This is used to vary the shape of the hillslope, and can be averaged to give the 
total gradient. HILLS also has the option of including a degree of flow 
convergence or divergen·ce, thus adding a simple third dimension, but this 
option was not used for this sensitivity analysis. Hillslope width w was set to 1 m 
down the whole hillslope. In HILLS, defining the soil depth, described in Section 
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7.5.3, can set the subsurface topography of the less permeable layer. Extensive 
variation in the subsurface topography was not explored in this study. However, 
since completion of the field study component of this research, it appears that 
subsurface topography warrants closer attention. 
7 .5.5 HILLS suitability for a hillslope sensitivity analysis 
HILLS enables the rainfall intensity and duration, hydraulic conductivity, soil 
storage capacity and topography, the important properties in controlling the 
generation of SLF identified in Section 2.4, to be explicitly defined. This 
indicates that it is potentially suitable for a sensitivity analysis in order to find 
key controls and conditions required to initiate SLF in southern New South 
Wales. It was chosen over more complex alternatives such as TOPOG 
(Vertessy et al., 1993) because many of the intricate processes in that model, 
such as the detail in the incoming radiation and three vegetation stories with 
different evapotranspiration rates, were not required for this study. Also these 
surplus processes require a large number of input parameters, and estimates 
for these values are not readily available for southern New South Wales. 
However, the ultimate suitability of any model is strongly dependent on the 
hydrological processes being represented in a mathematically appropriate way. 
The only true value of HILLS in this respect can be discovered by direct 
experimentation. 
7.6 Sensitivity Analysis Method 
This sensitivity analysis was focused on the Billabong Creek Catchment, to 
complement the field component of this research. It was not centred on the field 
site specifically, but was an investigation into expected SLF over the region. 
Thus the model was not calibrated using the field site data, but instead other 
published data for southern New South Wales were used to estimate the inputs. 
The study was conducted in three stages to test the sensitivity to soil properties, 
topography, and then an interaction between topography and the volume and 
intensity of rainfall. Simulations were run for a period of 12 months, 
commencing January 1, 1894, at a 6 to 30 minute timestep. This year was 
selected because it was one of the wettest years in the 113-year record with 
1160mm to maximize the potential for the occurrence of SLF. 
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7.6.1 Rainfall and evaporation inputs 
Daily rainfall and evaporation data from the Holbrook Post Office, NSW (station 
72022; 35.72°E, 149.32°N) were used as input data (Queensland Department 
of Natural Resources, 2003). The rainfall was directly measured and the 
evaporation values were extrapolated from nearby stations using the methods 
outlined in Queensland Department of Natural Resources (2003). Only daily 
rainfall data were available and to average the rainfall over the whole 24 hours 
was likely to result in rainfall intensities that would only generate vertical flow. 
Therefore the daily rainfall was assumed to fall as one event beginning at 
9:00am and finishing at 1 0:00am, to maximize the likelihood of generating SLF. 
The effect of the rainfall intensity and duration was explored in the sensitivity 
analysis and the variations in the rainfall data set used, are described in Section 
7.6.4. 
7 .6.2 Soil property sensitivity analysis 
Realistic values for the soil properties were chosen using t.he mean of 16 
detailed soil profile descriptions from southern New South Wales and northern 
Victoria (Geeves et al., 1998) (Table 7.1 ). These values were varied by plus and 
minus 20% in the sensitivity analysis. Soil depth was taken as a uniform depth 
down the hillslope (+20%), and then varied from -20% of the depth (0.32m) at 
the top of the hillslope, to +20% of the depth (0.48m) at the bottom, and vice 
versa. The vertical boundary at the end of the hillslope Hout was initially set at 
0.025m, reflecting a small depth of saturation. The depth of saturation would 
then respond to the SLF fluxes during the simulation. 
· The antecedent water content 8 was arbitrarily set at 15% of the porosity value. 
When the por9sity was varied, -20% and +20%, the antecedent water content 
was adjusted accordingly to maintain the same initial volume of water. The 
vertical saturated hydraulic conductivity of the lower soil layer was defined 
separately·at the top K1 and bottom q1 of the hillslope. Horizontal hydraulic 
conductivity of the topsoil was defined by specifying the ratio between the 
horizontal and vertical conductivity, a. For this study it was assumed that the 
horizontal and vertical conductivity was equal, therefore a was set equal to 1. 
The original input value for each soil parameter, known as the base value, is 
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given in Table 7.1. Each of the soil inputs were varied as discussed above in 
consecutive simulations. The hillslope was defined as a linear profile, 220m 
long on the horizontal, with a 30% gradient, and the rainfall input was as 
described in Section 7.6.1. 
7 .6.3 Topographic sensitivity analysis 
In the topographic sensitivity analysis concave, convex and linear profiles were 
tested at gradients from 5 to 50%, at 5% increments, where the gradient was 
the total change in elevation to length ratio from the top to the bottom of the 
hillslope. An example of the hillslope profiles at 30% gradient is shown in Figure 
7.2. The soil parameters were set to their base values given in Table 7.1. Next, 
the simulations were repeated with the hydraulic conductivity of the lower soil 
layer at the top and bottom of the hillslope (K1 and q1 respectively) both set to 
1 mm/hr.to decrease soil permeability and test the effect of more restricting 
conditions. Hillslope length was initially set at 220m with the vertical boundary at 
the bottom of the hillslope Haut set at 0.025m. These simulations highlighted the 
importance of the hillslope length, so further simulations were run on linear 
profiles with 5%, 20%, and 40% gradients with a varied hillslope length, and Hout 
was initially set to Om. Results are discussed in Section 7.7.2. 
7 .6.4 Rainfall sensitivity analysis 
The effect of rainfall on different topographies was investigated. The base 
rainfall input was described in Section 7 .6.1. The intensity of the rainfall events 
was varied by changing the rainfall event duration to 3 and 6 hours (i.e. finishing 
at 12:00pm and 3:00pm respectively). The amount of rainfall was varied by 
decreasing each rainfall event to either 60% or 20% of the original value in the 
1894 rainfall record. These percentages gave the equivalent of the average 
annual rainfall (696mm) from the 113-year record, and one of the driest years 
(232mm ). The soil parameters were set at the base values given in Table 7 .1, 
except the vertical hydraulic conductivities of the lower layer at the top and 
bottom of the hillslope (K1 and qi respectively) which were both set to 1 mm/hr. A 
linear profile at 5%, 20% and 40% gradients were used as these gave a low, 
medium and high volume of SLF respectively. Hillslope length was set at 150m. 
213 
Sensitivity Analysis Investigating the Conditions Required to Generate Subsurface Lateral Flow 
70 
60 
50 
.-.. 
E 
._. 40 
... 
..c: 
C) 
·; 30 
:::c: 
20 
10 
0 
0 50 100 150 200 250 
Slope length (m) 
Figure 7.2 Example of the hillslope profiles concave, convex and linear at 30% total 
gradient. 
7.7 Simulation Results and Discussion 
7.7.1 Soil properties 
Using the base soil values given in Table 7.1, the SLF at the hillslope outlet was 
14.1 mm, 1.2% of the rainfall. The results from the soil sensitivity analysis, also 
presented in Table 7 .1 , show the percentage change in the total SLF compared 
to this value. 
SLF did not exhibit clear sensitivity to some of the soil properties tested. In 
many cases the amount of SLF increased when the soil property was both 
increased and decreased (e.g. initial water content). This may be due to the 
small volume of SLF in the base run and the comparatively large error in the 
water balance. The SLF value from the base run was only 14.1 mm, or 1.2% of 
the rainfall input. The cumulative water balance error for each simulation (Table 
7.1) range from -0.6% to 4.4% of rainfall, enough so that changes in the SLF 
fell almost entirely within the error bound. Even the greatest SLF generated in 
the soil sensitivity analysis, which was 31.9mm when soil depth was increased 
down the hillslope, equated to 2.8% of rainfall and the water balance error was 
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1.3% of rainfall, almost half of the predicted SLF volume. 
SLF was most sensitive to the variable soil depth. Changing the soil depth from 
deeper to shallower down the hillslope (+20% to -20%, or 0.48m to 0.32m) 
increased the SLF by 15.7mm (111 % of the base run SLF). This was likely to 
have happened because a shallower soil depth has a smaller water storage 
capacity and and tranmissivity, so as the soil depth decreased down the 
hillslope the water was concentrated, therefore increasing saturation and SLF. 
Mosely (1979) found a similar response with a decrease in soil depth on a steep 
hillslope in New Zealand. The same effect from a decrease in soil depth may 
have been occurring at the Holbrook field site where the depth to the lower 
boundary of the A2 horizon decreased from 0.54m to 0.33m in the Midslope 
Zone (Section 6.2.1 ). 
Table 7.1 Soil parameter values used for the soil sensitivity analysis, the percentage 
change in SLF for ±20% of the base values, simulated output variables, and the 
cumulative water balance error. These were run on a 30%, linear profile, with annual 
rainfall of 1160mm in 1-hour events, as described in Section 7.6.1. 
Parameter Base Change in Change SLF Dv Et Ro Cumulative Water 
Value parameter in SLF Balance Error (%) 
value (%) 
Base Run Results 14.1 528 623 0.00 1.6 
Soil Depth (yl 0.4 -20% 57.4 22.2 642 494 0.00 1.5 
+20% 14.9 16.2 524 626 0.00 1.5 
C 
-20 to +20% 126 31.9 633 499 0.00 1.3 
+20 to -20% 111 29.8 725 399 0.00 1.2 
Initial moisture (0)8 15 -20% 12.8 15.9 558 582 0.00 1.3 
+20% 27.0 17.9 613 548 0.00 1.3 
Lower boundary 0.25 -20% 31.2 18.5 567 582 0.00 1.3 
. (Houtl 
+20% -4.96 13.4 510 641 0.00 1.5 
Porosity (%) 42 -20% 92.2 27.1 657 488 0.00 1.3 
+20% 53.9 21.7 602 534 0.00 1.5 
Upper soil Ksat (Ku)d 37 -20% 59.6 22.5 602 494 0.03 4.4 
+20% 44.7 20.4 578 595 0.00 -0.6 
Lower soil Ksat (Kl 8.3 -20% -9.22 12.8 525 626 0.00 1.3 
+20% -7.09 13.1 534 618 0.00 1.5 
Lower soil Ksat (q1t 4.3 -20% -5.67 13.3 512 638 0.00 1.9 
+20% 29.1 18.2 591 565 0.00 1.0 
Average 19.4 582 562 0.00 
a (% of porosity); b (m); c Depth varies top to bottom of hillslope: (-20% to +20% = 0.32 
to 0.48m) (+20% to -20% = 0.48 to 0.32m); d (mm/hr). 
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The greatest increase in the SLF (31.9mm, 126% of the base run SLF) came 
from increasing the soil depth (0.32 to 0.48m) down the hillslope. The increase 
in the soil depth might be expected to decrease the SLF, because the water 
storage capacity would increase at the bottom of the hillslope. However, the 
rooting depth for this simulation was set at 0.40m for the whole hillslope, and 
therefore there was up to 0.08m of soil depth at the bottom of the hillslope not 
·accessible by roots and therefore not available to be removed by transpiration. 
In reality capillarity could draw the water this small distance, but it is not clear if 
the model accounts for that process. The bottom of the hillslope was also the 
section where the lower layer was least permeable and water was most likely to 
accumulate. Thus lateral movement of the excess water probably caused the 
increase in SLF when the soil depth was increased down the hillslope. 
Figure 7.3 shows the percentage of the rainfall (1160mm) lost from the hillslope 
as evapotranspiration Et, vertical drainage Dv, SLF and surface runoff Ro for 
each soil simulation. It shows that SLF did not change significantly, in absolute 
terms, compared to the vertical drainage and evapotranspiration. Therefore, the 
model was responsive to the changes in the soil properties, but the differences 
were reflected in drainage and evapotranspiration, not in SLF. It also shows that 
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Figure 7.3 The percentage of rainfall lost from the hillslope as evapotranspiration (Et), 
· vertical drainage (Dv), Surface Runoff (R0 ) and SLF for each soil simulation on a 30% 
linear profile, with 1160mm annual rainfall, at 1-hour event duration. 
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SLF only accounted for a small percentage of the rainfall, and most of the water 
was lost through vertical drainage and evapotranspiration. On average, vertical 
drainage was the dominant flow path in these model conditions (Table 7 .1 ), an 
observation consistent with the conclusions of Flemming and Cox (1998) from 
fieldwork in South Australia. An increase in anisotropy and/or a greater contrast 
in the hydraulic conductivity between the soil layers are likely to increase the 
significance of SLF. But it is not typical for evapotranspiration to not be the 
dominant water flow path in this area of Australia. The low values predicted 
here may be due to the small rooting depth (0.40m), which is essentially 
restricted by the model structure of only two layers. 
In the soil sensitivity results presented here surface runoff was only predicted in 
one scenario, and the volume of it amounted to less than 0.01 % of the rainfall. 
Surface runoff occurred when the hydraulic conductivity of the upper soil layer 
Ku was reduced to 30mm/hr, which was adequate to initiate infiltration excess 
(Hortonian) surface runoff. For the other simulations, where Ku was 37mm/hr, 
the base value given in Table 7.1, no surface runoff was generated. Trampling 
of the surface by domestic stock, and raindrop impact on unvegetated soil, can 
significantly reduce the infiltration capacity (Willatt and Pullar, 1983; Collis-
George and Greene, 1979; Morgan, 1986) but HILLS does not account for any 
decrease in the infiltration capacity due to these effects. This may partly explain 
why essentially no surface runoff was generated in these simulations. Further 
simulation varying the uniform soil depth found that when the soil depth was 
reduced to 0.20m, surface runoff occurred. The most likely explanation for this 
is the soil storage capacity was low enough for the rainfall to saturate the profile 
and cause saturation excess surface runoff. 
Testing of the vertical conductivity at the bottom of the hillslope q, showed that 
its effect on SLF increased when the value was less than 3.4mm/hr (Figure 7 .4 ). 
SLF increased by over 15mm when q, was reduced from 3.4mm/hr to 1 mm/hr. 
With the vertical conductivity of the lower layer at the top K, and bottom q, of the 
hillslope set to 1 mm/hr, SLF increased to 46.1 mm, but this still represents only 
4.0% of the rainfall. 
In order to locate hillslopes with significant SLF for break-of-slope (BOS) 
plantations, these results indicate that the depth to an impeding layer is an 
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important criterion, both in terms of generating saturated conditions, and 
ensuring that SLF is within the plant rooting depth. Also, the degree that the 
impeding layer restricts vertical drainage is important. However, it is clear that 
even with extreme soil conditions SLF only accounts for a small proportion of 
the overall hillslope water balance so additional water from SLF available to a 
tree belt is not likely to be significant in this case. 
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Figure 7.4 Change in SLF with vertical conductivity on the lower soil layer at the bottom 
of the hillslope { q1), on a 30% linear profile, with the 1160mm annual rainfall, at 1-hour 
event duration. 
7.7.2 Topography 
Figure 7 .5 indicates that both the shape and gradient of the land surface 
influenced the amount of SLF predicted. With the base soil properties given in 
Table 7.1, a convex profile greater than 5% generated SLF, while the threshold 
gradients for the linear and concave profiles were greater than 10% and 45% 
respectively. The convex and linear profiles reached a maximum SLF with 
gradients of 15% and 25% respectively, implying that the soil and rainfall 
properties were restricting the SLF. 
When the permeability of the lower soil layer was reduced (i.e. the vertical 
conductivity of the lower soil layer at both the top (K1) and bottom ( q) of the 
hillslope was reduced to 1 mm/hr), the threshold gradients for initiating SLF in all 
cases were less than with the base soil conductivities. The new thresholds were 
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Figure 7.5 Effect of profile (concave, convex and linear) and gradient, with base soils (B) from Table 7.1, and with the conductivity of the lower soil layer, (both K1 and q1) set to 1 mm/hr (QK), on SLF (SLF) with 1160mm of annual rainfall at 1 hour duration 
2%, 5% and 30% for the convex, linear and concave profiles, respectively 
(Figure 7.5). The SLF continued to grow with an increase in the gradient on all 
profiles, with no maximum flow peak evident. This indicates that more water 
was available for saturation on a hillslope with a more impermeable subsurface 
layer, and in that case the hillslope gradient was the limiting factor on the 
generation of SLF. 
Finding that convex profiles had greater SLF than the concave profiles, which is 
at odds with some other research (Anderson and Burt, 1978; Huff et al., 1982; 
Hammermeister et al., 1982; Woods and Rowe, 1996), instigated further 
investigation on the effect of the gradient at the bottom of the hillslope, rather 
than the total change in the hillslope gradient. The simulation results shown in 
Figure 7.5 were replotted in Figure 7.6 with the values on the x-axis referring to 
the gradient at the bottom of the hillslope (i.e. gradient at x = location 10 shown 
in Figure 7 .1 ), not the total average gradient of the hillslope. The figure shows a 
clear relationship between the gradient at the bottom of the hillslope and the 
SLF generated, for both the base soils (B) and reduced conductivity (QK) 
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simulations. This implies that the SLF generated in these simulations was 
controlled by the local gradient and was not sensitive to the total change in 
gradient or the profile of the whole hillslope. 
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Figure 7.6 Effect of profile (concave, convex and linear) and gradient at the bottom of 
the hillslope, with base soils (B) from Table 7.1, and with the conductivity of the lower 
soil layer, at both K1 and qi, set to 1 mm/hr (QK), on SLF with 1160mm of annual rainfall at 
1 hour events. 
In the above analysis the 'gradient at the bottom of the hillslope' was defined at 
the single point at the gradient outlet, given by x = location 10 in Figure 7 .1, but 
the definition of the convex, concave and linear profiles were used to estimate 
the contributing length of hillslope driving the generation of the SLF. It was 
assumed that the contributing length of hillslope controlling SLF was with in the 
distance upslope from the hillslope outlet where all profiles had equal gradient. 
For example, in Figure 7. 7 the outlet gradient was 11 % for all profiles, but the 
total gradients were 45% for the concavity, 10% for the convexity and 11 % for 
the linearity. The common length of hillslope where all profiles had equal 
· gradient was approximately 40m. This implies that the variation in the 
topography above this, inherent in the definition of a concave, convex and linear 
profile, had no effect on the SLF generated with these rainfall and soil 
conditions. Therefore the SLF moving out at the end of the hillslope was 
dominated by the conditions within 40m from the outlet. 
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Figure 7.8 Change in SLF volume, with hillslope length for linear 5%, 20% and 40% 
hillslopes. Base soil values from Table 7.1, with the conductivity of the lower soil layer 
{both K1 and q1), set to 1 mm/hr, were used, with 1160mm annual rainfall at 1-hour 
duration. 
The effect of the interaction between outlet gradient and hillslope length on SLF 
was investigated on linear profiles with 5%, 20% and 40% gradients using 
hillslope lengths of 50m, 150m, 300m and 500m (Figure 7.8). For these 
simulations, the base soils with reduced conductivity (i.e. K1 and qi set to · 
1 mm/hr) were used, and the vertical boundary at the end of the hillslope (Hout) 
was set to be Om initially. One may expect that as the hillslope length was 
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increased the contributing area to generate SLF would also increase and 
therefore increase the volume of SLF predicted, but the results show that the 
volume of SLF did not vary with the hillslope lengths tested. These findings 
indicate that the contributing area for SLF is within 50m of hillslope, which 
supports the previous conclusion that the hillslope conditions within 40m 
upslope dominantly controlled the occurrence of SLF. It is important to note that 
these results are taken from a two-dimensional model analysis, so flow 
convergence and divergence have not been included. Flow convergence in the 
third dimension may strongly influence water accumulation , and therefore make 
the shape and size of the contributing area affect SLF. Also, in wetter soils with 
constant rainfall a steady state could be reached when the whole hillslope could 
be contributing to SLF. 
In summary, this study into the effect of topography on SLF found that under 
extreme rainfall and soil conditions SLF was influenced only by the gradient 
within approximately 40m of the measurement point. If the model essentially 
captures the process drivers, this indicates that before lateral flow has moved 
more that 40m it is likely to drain vertically, or be lost as evapotranspiration, 
therefore confining the contributing area of SLF within a hillslope. This highlights 
the importance of the local gradient when locating SLF on hillslopes for tree belt 
plantations. For example, if a tree belt was planted on a concave profile with a 
high average gradient, but it was located too far down the hillslope where the 
gradient was low, then any SLF may pool and drain vertically before reaching 
the trees. 
When the impeding layer had a uniform hydraulic conductivity of 1 mm/hr, the 
threshold gradient at the outlet for initiating SLF was 5%, and SLF was limited 
by the gradient. When the hydraulic conductivity of the impeding layer was 
8.3mm/hr at the top of the hillslope and 4.3mm/hr at the bottom, the threshold 
gradient to initiate SLF was 11 %, implying that when the permeability of the 
lower layer was greater, a larger gradient was required to move the water 
laterally before it drained away vertically. With these soil conditions the volume 
of SLF became limited by the soil and rainfall properties . 
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7.7.3 Rainfall 
Figure 7.9 shows the quantity of SLF predicted for various linear profiles and 
amounts of annual rainfall. On the linear 5% gradient profile, when the annual 
rainfall was increased to 696mm and 1160mm, there was not any significant 
change in the SLF which only increased to 10.8mm and 9.2mm respectively. On 
the 20% linear profile there was an increase in SLF from 4.8mm to 41. 7mm 
when the annual rainfall was changed from 232mm to 696mm, but the lateral 
flow only increased to 53.2mm when rainfall was changed to 1160mm. On the 
40% profile, there was a continued increase in the SLF as the annual rainfall 
rose. This indicates that with low annual rainfall, gradient had little effect on the 
SLF, probably because there was limited water available to be moved laterally. 
As the rainfall increased, the gradient limited the SLF, because steeper 
hillslopes were able to move the additional water laterally, where it was 
otherwise lost as vertical drainage. The rainfall event duration (1, 3 and 6 
hours), and the inherent variation in rainfall intensity did not have any significant 
effect on the amount of SLF. 
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Figure 7.9 The effect of total annual rainfall (1160mm, 696mm and 232mm) on SLF, on 
150m long 5%, 20% and 40% linear profiles, with base soil values as defined in Table 7.1, 
except the conductivity of the lower soil layer, (both K1 and q1), were set to 1 mm/hr. 
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SLF occurred over a large range of annual rainfalls. The HILLS simul_ations 
predicted that as the annual rainfall increased, the SLF also increased, as long 
as there was adequate gradient to move the additional excess water laterally in 
the subsurface. However, annual rainfall alone was not a dominant factor in the 
occurrence of significant SLF, because SLF was predicted when annual rainfall 
was only 232mm, one of the smallest annual rainfalls at Holbrook in the last 110 
years (Queensland Department of Natural Resources, 2003). As the results 
from the field site at Holbrook and another study (Heng et al., 2001; White et al., 
2000) in southeast Australia indicated in Section 5.4.3.1, the rainfall properties 
· . at a smaller temporal scale (i.e. monthly or less) have greater potential to 
predict SLF generation suitable for a tree belt plantation. 
7. 7 .4 Model reliability 
The cumulative water balance error generated during these simulations show 
that the model was not conserving mass, indicating numerical error. For some 
simulations, the model generated a cumulative water balance error of up to 5°/o. 
As already discussed in Section 7. 7 .1, even with no more than 5% error in the 
overall water balance, the total SLF predicted was often only just greater than 
the error term. This raises uncertainty concerns about the details of the results · 
presented. 
Also, the lack of surface runoff in almost all simulations, even with rainfall 
intensity up to 55.6mm/hr in the 1894 1-hour rainfall series, raises questions 
about the model's partitioning between surface and subsurface runoff. 
There is little published verification of the HILLS model, but it was chosen 
instead of other more widely published models, such as TOPOG, because it 
was less complex and had fewer input parameters, but it still included the key 
input properties to be tested in the sensitivity analysis without too many surplus 
inputs. Smith and Hebbert (1983) ran simple verification on an earlier version of 
the HILLS model and found that the predicted peaks in the SLF were at least 
half that of the field data. They attributed this to spatial variation in the subsoil 
infiltration and preferential lateral flow, and addressed these limitations by 
allowing the hydraulic conductivity of the second layer to be different at the top 
and the bottom of the hillslope. In the current version, the user may define the 
224 
Sensitivity Analysis Investigating the Conditions Required to Generate Subsurface Lateral Flow 
conductivity at the bottom as q,. Also, the coefficient a was introduced to 
increase the horizontal hydraulic conductivity compared to vertical, to represent 
preferential lateral flow or small scale layering. 
Indirect verification was conducted on a newer version of the model. In that 
case, HILLS was used to estimate hillslope input values given piezometer 
response from two storm events in Western Australia (Hebbert and Smith, 
1990). The model was found to "produce very satisfactory simulations" (Hebbert 
and Smith, 1990:333) with careful manipulation, for the two events it was tested 
on. 
It should be noted that very few hillslope models incorporating SLF generating 
processes with a minimal number of input parameters have substantial 
verification. 
7.7.5 Conditions required to generate subsurface lateral flow 
A summary of the depths of SLF generated in various simulations is presented 
in Table 7.2. This analysis indicates that the local gradient needed to be greater 
than 5% to generate SLF with a high annual rainfall (1160mm) and low 
conductivity of the impeding layer (1 mm/hr). If the conductivity of the impeding 
layer was greater than 4mm/hr, then the outlet gradient had to be greater than 
11 % to generate any SLF. With these soil and rainfall conditions, a maximum 
SLF of approximately 20mm was reached for outlet gradients greater than, or 
equal to about 25%.·With low annual rainfall (232mm), SLF was less than 
15mm, regardless of hillslope gradient. With a medium annual rainfall (696mm), 
1 mm/hr conductivity of the impeding layer, an outlet gradient of 20% generated 
20mm of SLF, and the gradient had to be approximately 30% to generate more 
than 50mm SLF with the model. 
The maximum SLF from this sensitivity analysis resulted from the 45% convex 
profile, corresponding to an outlet gradient of 98%, with the vertical conductivity 
of the impeding layer being 1 mm/hr. The extreme outlet gradient was adequate 
to utilise the maximum annual rainfall (1160mm), which was one of the 5 largest 
volumes in the Holbrook record over the last 113 years. That simulation 
generated 121 mm of SLF, or 10% of the annual rainfall. Although this is a 
considerable proportion of the hillslope water flow, it is clear that even under 
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these extreme physical conditions, vertical drainage dominates subsurface 
water movement in the model, consistent with field studies in South Australia 
(Flemming and Cox, 1998). However, in field studies in south-eastern Australia 
White et al., (2001) found that the dominant subsurface flow path varied 
dramatically from year to year between vertical and lateral flow, depending 
strongly on the distribution of rainfall. 
This summary shows that there is a complex interaction between the rainfall, 
topographic and soil properties required to initiate SLF, which makes it difficult 
to definitively prioritise them for locating tree belt plantations. Rainfall is a crucial 
criterion in generating SLF because it provides the water, but as already 
discussed in this section, the seasonal distribution of rainfall is very important, 
not just the annual total. The gradient and the soil properties interact to 
determine whether excess water drains vertically or moves as SLF. Each 
property has a minimum critical threshold that must be met, independent of the 
other property values, for SLF to be possible. For example, if there were no 
impeding layer in a soil, then regardless of the rainfall and topographic 
properties SLF would not occur (for a= 1 ). A more detailed analysis with a 
model that conserves water would be required to determine these minimum 
critical values for the south-east Australia, but the field and modelling results 
from this study indicate that the minimum threshold gradient to allow SLF was 
Table 7.2 Summary of the SLF generated with various annual rainfall, hydraulic 
conductivity (Ksat) of the lower soil layer, and gradient at the bottom of the hillslope. 
Annual Rainfall (mm) Ksat (mm/hr) Gradient(%) SLF (mm) 
232 1 mm/hra 5-40% max 15 
696 1 mm/hra 20% 20 
696 1 mm/hra > ~ 30% > 50 
1160 8.3-4.3mm/hrb >11 Threshold (>0) 
1160 8.3-4.3mm/hrb :2:25% max 20 · 
1160 1 mm/hra >30% >50 
1160 1mm/hra >5 Threshold (>0) 
1160 1 mm/hra 40°/o ~ 110 
1160 1mm/hra 98% 121 
Rainfall is at a 1 hour intensity, permeability is the hydraulic conductivity of the lower 
soil layer: a reduced conductivity K1=q1=1 mm/hr, b base conductivity as defined in Table 
7.1. K1= 8.3mm/hr q1=4.3mm/hr. Outlet gradient is the gradient approximately 40m above 
the measured outlet point. 
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about 5%. Therefore in order to assist in locating tree belt plantations it is 
recommended that the rainfall, topographic and soil properties at a field site are 
determined in order of easiest to most difficult to measure - i.e: rainfall, 
topography and soil. Also noting that soil parameters carry the greatest 
uncertainty (possibly orders of magnitude). 
7.8 Chapter Summary 
In this Chapter, HILLS, a physically-based model, was used to conduct an 
analysis of the sensitivity of SLF to soil, topographic and rainfall properties, with 
conditions relevant to southern New South Wales. The HILLS model met the 
requirements for the desired physiographic inputs, output variables, and 
spatially explicit description of the hillslope processes, but it became apparent 
that the model did not adequately conserve mass, casting doubt on the ability of 
the model to simulate hillslope hydrological processes accurately. So, there is 
uncertainty in the results, although some general trends emerged that seem 
plausible and worthy of future investigation. 
The key outcomes from the sensitivity analysis using HILLS were: 
* Only a small volume of water moved as SLF compared to 
vertical drainage, with the conditions tested here. The 
maximum SLF predicted accounted for 10% of rainfall. 
* To assist in locating tree belt plantations it is recommended 
that the site criteria be prioritised in order, starting from the 
easiest to obtain - being rainfall, topographic and soil · 
properties. 
* SLF was generated over a range of annual rainfalls, from 
1160mm to 232mm. As from the field research, it is indicated 
that annual rainfall is important for SLF, but the distribution of 
the rainfall is more so. 
* SLF was dominantly controlled by the local topographic 
gradient (within 40m here), rather than the total hillslope 
gradient and shape of the contributing area. This implies that 
there was a maximum length of hillslope contributing to SLF 
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and once flow has moved further than that, it was likely to be 
lost as vertical drainage or evapotranspiration . The contributing 
length of hillslope is likely to increase in wetter soils with 
constant rainfall, or with a greater impeding layer. 
* Here, steep hillslopes generated the most SLF, but as the 
annual rainfall increased so did the gradient required to move 
the additional excess water laterally. 
* The outlet gradient required to move water laterally varied with 
the soil conductivity of the lower layer. As the conductivity of 
the lower layer decreased, the gradient required to generate 
SLF also decreased. If the saturated hydraulic conductivity of 
the lower soil layer was less than 4mm/hr, the threshold outlet 
gradient to generate SLF was about 5%, and where the 
saturated hydraulic conductivity of the lower soil layer was 
greater than 4mm/hr, the threshold outlet gradient was about 
11%. 
* If the lower layer had a saturated hydraulic conductivity of 
1 mm/hr, SLF was limited by the outlet gradient. If the lower 
layer was more permeable (i.e. had a saturated hydraulic 
· conductivity of 8.3mm/hr at the top of the hillslope and 
4.3mm/hr at the bottom) the SLF reached a maximum volume 
with a gradient of 25%, after which it was limited by the soil 
and rainfall properties. 
* The most influential soil properties were depth to the impeding 
layer, as it affected the soil storage capacity and the likelihood 
that the vegetation could intercept the lateral flow, and the 
degree to which the impeding layer restricted vertical flow. 
In the next chapter, the results from the analysis of the field data presented in 
Chapters 4, 5 and 6, and the sensitivity analysis using the HILLS model are 
integrated to produce a decision - key to assist in identifying significant lateral 
flow paths on a hillslope. It is combined with a simple water balance and a 
spreadsheet model to create a methodology for locating and designing tree belt 
plantations in south-east Australia. 
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Chapter 8 Guidelines to Locate and Design Tree Belt 
Plantations 
The water available to support a tree belt plantation consists of: 
a) Direct rainfall (minus interception and soil evaporation losses), · 
b) Water not used by vegetation upslope that arrives at, and is available to, 
the plantation through surface runoff or Subsurface Lateral Flow (SLF), 
and 
c) Water as perched or ground water tables that can be accessed by the 
root system of the trees. 
Ideally tree plantations would be designed around a calculation of excess water 
not used by vegetation upslope from the site, a quantitative partitioning of this 
water into runoff, SLF and deep drainage, and knowledge of the depth, amount 
and quality of available groundwater. However, such. knowledge is difficult to 
attain and will not generally be available to landholders or advisors making 
decisions on plantation location and design. The water availability for tree belts 
will need to be inferred using a mixture of simple quantitative calculation and 
qualitative observation. 
In this Chapter a series of steps are proposed for assessing a site for a tree belt 
plantation to harvest water from upslope, and to recommend an appropriate 
plantation design. The steps include guidelines that can be used to help identify 
hillslopes likely to generate lateral water flows (surface runoff and SLF) 
available for use by a tree belt as synthesized from the research described in 
earlier chapters. 
The site selection and plantation design steps proposed are only partly 
quantitative and they do not provide a complete decision support process. They 
do however (a) indicate a way forward towards supporting site selection and 
plantation design, (b) encourage a structured scientific approach to site 
selection and plantation design, (c) utilise quantitative knowledge where 
available as well as useful qualitative observation. The purpose is to progress 
towards a simple, practical process for use by landholders and extension or 
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advisory officers, for achieving better plantation siting and design decisions. 
Simplicity and ease of use is important and therefore the technical requirements 
are kept to a minimum. The maximum computing requirements are access to 
the Internet for data, and the ability to run a simple spreadsheet model. Basic , 
interpretation of soil properties such as colour, texture and horizon 
differentiation is also required. 
The steps for site assessment are to determine: 
a) whether there is water not being used by the current vegetation at the 
field site, 
b) if there is evidence that excess water moves laterally at depths accessible 
by trees, thereby offering the potential for water harvesting, and 
c) configurations that would be appropriate at the site given knowledge of 
rainfall and an estimate of the additional water available to a tree belt 
plantation. 
Each step is now explained in more detail in Section 8.1 to 8.3. 
8.1 Simple Water Balance for a Field Site 
In this section a simple method is presented to estimate the water not used by 
the existing vegetation (i.e. the excess water) at a field site. A monthly timestep 
water balance calculation is proposed here as it is thought to be adequate for 
the initial planning stages of a tree belt plantation and consistent with the likely 
technical background of the target users. 
Using a model similar to that in White et al (2003), an estimate of the excess 
water can be made from the average monthly rainfall R (mm), reference 
evaporation E0 (mm), a crop factor Kc (used to convert the reference 
evaporation to an evapotranspiration prediction) and the maximum water 
holding capacity Smax (water holding capacity between field capacity and 
permanent wilting point, over the rooting depth (mm))~ Excess water We (mm) 
can be calculated as 
8.1 
Monthly rainfall and pan evaporation data across Australia can be accessed, 
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free of charge, from maps on the Bureau of Meteorology internet site at 
http://www.bom.gov.au/climate/map/annual rainfall/ and 
http://www.bom.gov.au/climate/averages/climatology/evaporation/evaporation.s 
html, respectively. Tabulated monthly rainfall data is also available for some 
locations at http://www.bom.gov.au/climate/averages/. 
Estimates of crop coefficients for dryland farming in southeast Australia are not 
readily available. Table 8.1 gives an estimate of the crop coefficients, derived 
from Doorenbos and Pruitt (1977), McDowall et al. (2003) and Argent and 
George (1997) for several types of vegetation in Western Australia. These can 
be used as a guide where local values are not available. 
The available water capacity can be estimated using the field texture, which is 
found using the method described by McDonald et al. (1990). In Table 8.2 field 
capacity, permanent wilting point and the available water capacity is given for 
several texture classes. These values were estimated using a pedotransfer 
function, Function No. 4 from Williams et al. (1992). This is an empirically 
derived pedotransfer function and . care needs to be taken applying it to soil 
materials not represented in the data set from which the relationships were 
derived. This method was however tested by Paydar and Cresswell (1996) and 
found to give reasonable estimates of the soil water retention functions from a 
comprehensive variety of soils from southeast Australia (A horizon soils with a 
correlation coefficient of 0.864; B horizon soils with a correlation coefficient of 
0.752; see Paydar and Cresswell 1996 for more details). The Williams et al. 
(1992) function requires inputs of the percentage clay, fine sand and silt and the 
'texture group' defined by Northcote (1971, cited in Paydar and Cresswell, 
1996). 
The available water capacity in mm/mm is multiplied by the depth (mm) of the 
horizon with that texture. The available water capacity can be calculated for 
each soil horizon in a profile and then summed to give the total water holding 
capacity Stot over the rooting depth. 
If soil water content data is available for a site or region with the same 
vegetation cover, the depth to water extraction during summer can be used as a 
surrogate for rooting depth. Note that deeper rooting vegetation such as trees 
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Table 8.1 Example crop coefficients Kc for various vegetation groups (Doorenbos and Pruitt, 1977; McDowall et al., 2003; Argent and George, 1997) 
Vegetation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Bare Soil 0.25 0.25 0.32 0.36 0.4 0.55 0.55 0.52 0.36 0.29 0.25 0.25 
Volunteer Pasture 0.25 0.25 0.32 0.36 0.4 0.56 0.72 0.72 0.72 0.72 0.72 0.25 
Clover Pasture 0.25 0.25 0.32 0.36 0.4 0.56 0.72 0.72 0.72 0.72 0.72 0.25 
Cereal 0.25 0.25 0.32 0.36 0.6 0.75 0.85 0.95 0.8 0.7 0.7 0.25 
Lupins 0.25 0.25 0.32 0.36 0.55 0.7 0.8 0.9 0.95 0.95 0.75 0.25 
Summer Crops 0.72 0.72 0.72 0.72 0.72 0.25 0.25 0.25 0.32 0.36 0.4 0.56 
Lucerne 1.19 1.12 1.05 1 0.87 0.69 0.69 0.81 0.94 1.05 1.19 1.25 
Perennial Grasses 1.1 1.05 1.00 0.9 0.9 0.85 0.75 0.85 0.95 0.95 1.00 1.05 
Tagasaste Shrub 0.85 0.85 0.85 0.85 0.85 0.85 0.9 0.9 0.85 0.85 0.85 0.85 
Acacia Shrub 0.85 0.85 0.85 0.85 0;85 0.85 0.9 0.9 0.85 0.85 0.85 0.85 
Eucalyptus Trees 0.85 0.85 0.85 0.85 0.85 0.85 0.9 0.9 0.85 0.85 0.85 0.85 
Casuarina Trees 0.85 0.85 0.85 0.85 0.85 0.85 0.9 0.9 0.85 0.85 0.85 0.85 
Melaleuca Trees 0.85 0.85 0.85 0.85 0.85 0.85 0.9 0.9 0.85 0.85 0.85 0.85 
Pre-clearing 0.85 0.85 0.85 0.85 0.85 0.85 0.9 0.9 0.85 0.85 0.85 0.85 
Vegetation 
Kikuyu 1.0 0.8 0.6 0.6 0.7 0.8 0.85 0.95 0.95 1.0 1.0 1.0 
Annual Pasture 0.2 0.45 0.6 0.8 0.8 1.0 1.0 1.0 0.9 0.4 0.3 0.2 
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may only extract water from deeper in the profile following extended periods of 
drought, as shown in this research (Chapter 5). If local information is not 
available, then approximate values are given in Tabl3 8.3. 
Table 8.2 Estimates of the field capacity 8,, permanent wilting point Wp, and available 
water capacity S for various field textures. 
Texture 8t (m3/m 3) WP (m3/m3) S (mm/mm) 
Loamy sand 0.215 0.059 0.156 
Clayey sand 0.229 . 0.063 0.166 
Sandy loam 0.242 0.096 0.145 
Light sandy clay loam 0.257 0.124 0.133 
Loam 0.359 0.241 0.119 
Silt loam 0.341 0.150 0.191 
Sandy clay loam 0.257 0.124 0.133 
Clay loam 0.356 0.203 0.153 
Silty clay loam 0.415 0.263 0.152 
Sandy clay 0.294 0.181 0.113 
Silty clay 0.457 0.399 0.058 
Light clay 0.378 0.257 0.122 
Light medium clay 0.384 0.251 0.133 
Medium clay 0.404 0.297 0.108 
Table 8.3 Estimates of the rooting depth of different vegetation types (source Cresswell, 
pers. Comm .. 2004). 
Vegetation type Rooting 
depth (m 
Trees 5.0 
Annual crops 1.5-2.0 
Perennial pastures 1.5-2.0 
Lucerne 2.0-3.0 
Annual pasture 0.9-1.2 
8.2 Decision-Key to Determine Whether Lateral Flow is likely to 
be Available to Tree Belts 
If it has been determined that excess water occurs on a hillslope then it is 
important to identify the fate of this water, including the likelihood of lateral flow 
and the location of dominant flow pathways. This is necessary to enable the 
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location of tree belts to intercept and utilise lateral flow (surface runoff plus 
SLF). From findings of this research and conclusions from other studies, a 
simple key (Figure 8.1) was developed to estimate the likelihood of surface 
runoff, SLF and/or a watertable at a potential tree belt plantation site. Qualitative 
estimates of the significance of the surface runoff and SLF can be used to 
inform the location and design of tree belts. The decision-key is described 
below in more detail. 
8.2.1 Surface runoff 
Surface runoff estimation is difficult and influenced by rainfall intensity and site 
specific factors such as slope, surface cover, antecedent water content, and soil 
type and structural condition as discussed in Section 5.4.3.2. There is no 
obvious approach to quantitatively predict runoff on a specific hillslope site that 
meets the criteria of being simple to apply and robust in prediction. The 
development of such a method is beyond the scope of the guidelines sought in 
this thesis. There are however some approaches warranting brief consideration 
here. 
The first is the method developed and tested by Zhang et al. (1999; 2001 ), 
which estimates runoff from a catchment using a simple relationship with mean 
annual rainfall. Surface runoff R0 from a catchment is determined from the 
empirical relationship 
1+21410 1+0.51100 
Ro= R- R fx 1410 R R +(1-f)x 1100 R R 
1+2--+-- 1+0.5--+--
8.2 
R 1410 R 1100 
Here the runoff varies with the mean annual rainfall R, depending on the 
proportion of the catchment under forest f, so that (1-f) is the proportion under 
grass (1-f). The relationship is also shown in Figure 8.2. 
The relationship presented by Zhang et al. (1999; 2001) is a whole catchment 
approach developed for use over much larger areas than individual hillslopes. It 
has been shown to be robust through testing in many different data sets around 
the world (Petherem et al., 2002). It has also been applied on the Ten Mile 
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[ [ 
1+21410 1+0 51100 ]] 
1+2--+-- 1+0.5--+--R 1410 R 1100 
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Gradient Widespread 
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Infiltration 
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l<sa12 < Smm/hr 
l<sa12 > 5mm/hr 
NoSLF 
Go to Watertable Key 
l<sa12 <5mm/hr 
l<sa12 > 5mm/hr 
No SLF 
Go to Watertable Key 
Go to Watertable Key 
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Finite water source 
Evidence of saturation 
In Horizon 1 
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saturation in Horizon 1 
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saturation in Horizon 1 
No SLF 
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Saturation in Horizon 1 
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saturation in Horizon 1 
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Initial water source 
likely to be utilised by a tree belt 
Replenished water source r----.1 Ongoing water source 
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utilised by a tree belt 
Finite water source 
Initial water source likely to be 
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Replenished water source r----.1Ongoing V(8ter source likely to be 
utlised by a tree belt in drought 
Moderate+ SLF 
Small SLF 
No SLF 
Small SLF 
MinimalSLF 
No SLF 
Figure 8.1 Summary of the key discussed in Section 8.5, for estimating the likelihood of surface runoff, SLF and a watertable at a potential tree belt plantation sit~ 
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Figure 8.2 Relationship between mean annual rainfall and mean annual surface runoff (Zhang et al., 1999; 2001 ). 
Creek sub catchment within which the Holbrook field site is located and the 
mean annual runoff predictions were within 6% of stream flow values measured 
between 1968 and 1976 (Heartlands, 2003). 
Applying the predictive relationship at the Holbrook field site, with a long-term 
average rainfall of approximately 695mm (Queensland Department of Natural 
Resources, 2003) a mean annual surface runoff of 181 mm is predicted. This 
equates to 26% of the rainfall. This value cannot be directly tested because of 
the short monitoring period and the recent below average rainfall at the site, but 
it seems too high. In another study in inland southern New South Wales (Heng 
et al., 2001; White et al., 2000) the annual rainfall was 697mm in 1997 and 
measured surface runoff measured from a small plot (45m by 30m) was 
approxi~ately 9% of rainfall, well below the values predicted with the Zhang et 
al. (1999; 2001) method. This difference between the predicted and measured 
values could be because Zhang's prediction is based on the mean annual 
values of rainfall and runoff and therefore is not necessarily suitable to a single 
year. It is also worth noting that the field measurement was from a small plot 
while the prediction is meant for catchment scale values as reflected in 
streamflows. 
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Clearly the applicability of a catchment scale approach to specific hillslope 
locations is not appropriate but the average catchment scale runoff predictions 
seem robust and perhaps provide a starting point that could be modified for 
local, site-specific conditions. 
Hudson (1981 ), cited in Morgan (1986), developed a simple key using the 
vegetation cover, soil and drainage conditions and the hillslope gradient, shown 
in Table 8.4. These factors are summed over a catchment to estimate a runoff 
coefficient. For a hypothetical example, if a catchment was covered in a 
'medium grass', had 'deep, moderately pervious soil,' and 'rolling' hillslopes the 
runoff coefficient as an index is 
15 + 20-+ 15 = 50 
If the cover, soil type and drainage, and gradient vary within a catchment the 
runoff coefficients can be weighted according to the proportion of total 
catchment area, and then summed to give a single runoff coefficient. 
Table 8.4 Factor values used to describe the catchment characteristics and estimate the 
runoff coefficient in subtropical Africa from Hudson (1981) cited in Morgan (1986:238). 
Cover Soil type and drainage Gradient 
Heavy grass 10 Deep, well drained 10 Very flat to 5 
of forest soils, sands gentle (0-3°) 
Scrub or 15 Deep, moderately 20 Moderate 10 
medium pervious soil, silts (0-6°) grass 
Cultivated 20 Soil of fair 25 Rolling (6-9°) 15 
lands permeability and 
depth, loams 
Bare or 25 Shallow soils with 30 Hilly or steep 20 
eroded impeded drainage 
Medium heavy 40 Mountainous 25 
clays or rocky 
surfaces 
Impervious 50 
surfaces and water 
logged soils 
The runoff coefficient is used to estimate the peak runoff in m3/s using a lookup 
table, given an estimate of the catchment area. His key is designed for tropical 
Africa so it is not directly applicable to southeast Australia, but the simplicity of 
the concept has merits. Future research could calibrate a similar key for 
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conditions in south-east Australia and then if coupled with the estimate of the 
volume of runoff from Zhang et al. (1999; 2001 ), a more accurate prediction of 
the surface runoff from a hillslope might be estimated. 
A more complex alternative is an agricultural based hydrologic model such as 
CATCHCROP (Perez et al., 2002), but again this type of model is based on 
catchment response, not hillslope. It also has 22 inputs parameters, which is an 
undesirable complexity for these guidelines. 
Another alternative applicable to hillslopes is the Curve Number Technique, 
developed by the USDA (Soil Conservation Service, 1972). This method 
estimates the runoff in millimetres based on the daily rainfall, while accounting 
for the ground cover and antecedent water content. However the incorporation 
of the antecedent water content makes this method more difficult to apply, and 
· is therefore less appealing for use by the target users for this key. 
Qualitative observation of surface runoff at a site is always likely to be valuable 
and maximum use should be made of farmer observation of past runoff events, 
areas where water has accumulated, and observations of flows in local streams. 
Farmer observations on the variation of water level in dams within the 
catchment could be used assist in estimating past runoff. Direct observation of 
surface evidence of rilling (i.e. small erosional channels) and the accumulation 
of organic matter debris on the hillslope after rainfall might also be of some 
value. 
Following an estimation of the volume of surface runoff expected at a site, the 
next step is to identify the likelihood that a tree belt can intercept the runoff. For 
interception to occur the hillslope conditions must be such that the surface 
runoff will infiltrate into the soil. The most obvious indication that water will 
infiltrate is provided by the hillslope gradient. A rapid change in gradient, such 
as at the break-of-slope (BOS), is more likely to accumulate water in the soil 
just below the BOS, and therefore a tree belt planted in that location would have 
a high probability of intercepting that flow. Evidence of surface waterlogging or 
plants that indicate water logging such as Juncus species can also be used to 
identify an accumulation of water. 
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8.2.2 Subsurface lateral flow 
This research has shown that trees will preferentially use water near the surface 
and only draw on deeper water stores during dry periods. From observations at 
the Holbrook site it is suggested that the trees are likely to draw most strongly 
on the top 2m to 3m of soil water during a typical rainfall year. The SLF 
decision-key focuses on the identification of flow paths within that depth. The 
elements in the decision-key for assessment of SLF are discussed next. 
8.2.2.1 Hills/ope gradient 
Although it has been shown in this study (Section 6.2.1 ), and others (e.g. Freer 
et al., 2002) that the subsurface topography has a strong control on the 
occurrence of SLF, the hillslope surface gradient is used to make the first 
decision on the likelihood of generating SLF at hillslope scale because it is 
quick and efficient. 
The literature review (Section 2.6), modelling (Section 7. 7 .2) and field results 
from this study (Section 6.3) for southern New South Wales indicate that if the 
gradient is less than 5% then SLF is not likely. Two other classes have been 
used to divide the gradient, reflecting that the threshold gradient for SLF 
increases as the permeability of the impeding layer increases, as found in 
Section 7.7.2. 
8.2.2.2 Soil sampling 
Comparison between the soil morphology at the Holbrook field site and the 
measured hydrological response, discussed in Section 6.4, showed that 
morphology could be useful in identifying the dominant lateral flow pathways on 
a hillslope. To assess the soil properties it is recommended that a backhoe pit 
and at least two small trenches be dug on the proposed hillslope. 
The pit should be located at a representative site near the BOS, if evident, 
otherwise elsewhere on the mid-slope. The pit should not be located on any 
obvious anomalies such as on vehicle tracks or areas of known past 
disturbance like silage pits or other excavation. It should be about 3m deep. To 
increase the understanding of the variability of the soil at the site, shallow 
(about 1 m) trenches should be dug across the hillslope upslope and downslope 
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of the main pit. The distance between trenches should be about 1 00m, with the 
pit in between making it about 50m between samples. This research indicates 
that SLF could be generated within 50m of the hillslope (Sections 5.3.2 and 
6.3), so sampling at this interval should identify any evidence of saturation. 
8.2.2.3 Evidence of prolonged saturation 
Evidence of prolonged saturation at any depth indicates that there is an 
impeding layer below that depth limiting vertical drainage and/or that there is an 
additional source of water being added at that location such as through a spring 
as found by Genereux et al. (1993), Novak (1994) and Onda et al. (2001 ). If · 
there was evidence of prolonged saturation then more water would be available 
to a tree belt than from more transient SLF. The gradient, already accounted for 
in the key, determines whether the additional water is likely to move laterally 
down the hillslope, which is important when locating a prospective tree belt. The 
decision-key suggests taking the case of prolonged saturation to the watertable-
key for further analysis (Section 8.2.3). 
Soil morphology is used to distinguish between periodic and prolonged 
saturation in a horizon. The classes are: 
(a) Brown or yellow, likely to have mottles and redox segregations: this 
indicates that the horizon is no more than periodically saturated. 
(b) Grey and gleyed: this indicates that the horizon is saturated for an extended 
period and a watertable exists or has existed at that location; the user is 
recommended to apply this case to the watertable-key. 
Caution must be taken when interpreting soil morphology for potential SLF and 
watertables because the soil features may be relic (Khan and Fenton, 1994) or 
. affected by.other soil properties such as a lack of organic matter (Vepraskas, 
1992). Other measurements such as with piezometers, or indicator plant 
species are a simple way of adding certainty to the morphological 
interpretations. 
8.2.2.4 Abrupt texture change 
Any rapid increase in the clay content is likely to impede vertical drainage and 
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therefore assist in the generation of SLF. To estimate clay content the texture of 
all soil horizons should be determined by hand and the descriptions in 
McDonald et al. (1990). For this guide, a sharp increase in clay is based on the 
definition of a 'clear or abrupt textural B horizon'from Isbell (2002:112). In 
general the boundary between soil horizons must be less than 50mm thick to be 
considered clear or abrupt (McDonald et al., 1990:149). The clay content of one 
horizon must be less than 20% (i.e. field texture of sandy loam or less) and the 
horizon below must have a clay content of at least twice the horizon above and 
be at least a sandy clay loam. Alternatively, if a soil horizon has between 20% 
and 35% clay (i.e. has a texture between a sandy clay loam and a light clay) 
then the horizon below must show at least a 20% increase in clay content. If a 
sharp increase in clay content exists between two consecutive soil horizons 
then the 'lighter textured' horizon on top is defined as Horizon 1 for the purpose 
of this key, and the horizon below which has more clay is Horizon 2. This 
naming system allows for situations where water can be impeded by a horizon 
other than the 82 horizon. 
8.2.2.5 Saturated hydraulic conductivity of Horizon 2 
An abrupt change in the soil texture generally indicates that vertical drainage 
will be impeded, but vertical drainage is also influenced by factors such as the 
structure and porosity of a soil. In addition, the restriction in drainage required to 
generate SLF varies with the hillslope gradient, shown in Section 7. 7 .2. 
Therefore if an abrupt texture change is evident, it is recommended that the 
saturated hydraulic conductivity of Horizon 2 be estimated in order to more 
clearly ascertain the likelihood of impeded drainage and SLF. 
A simple measurement of hydraulic conductivity can be made directly at the 
field site using the pit excavated for the soil description. The top of Horizon 2 
should be exposed to the surface using the backhoe and a spade to produce a 
level step. To help account for spatial variation in the saturated hydraulic 
conductivity, measurements on the same horizon could be made at the two 
trenches upslope and downslope of the pit. It is recommended that six 
· measurements in total be taken, two from each trench and two from the pit. 
· The method outlined below, given by Geeves et al. (1994 ), is a simple 
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alternative for farmers to estimate the saturated hydraulic conductivity at a site, 
using equipment that is readily available on most farms. 
1. The surface of the desired horizon, exposed using the backhoe, should be 
wet up overnight. This can be achieved by placing hessian bags over the 
surface covering an area large enough for the desired number of samples. 
Buckets with a small nail hole in the bottom are placed, one per bag. They can 
be filled with rainwater and let drain out slowly, wetting the soil. 
2. Thoroughly clean three 20 litre oil drums, then cut a ring 150mm long from 
each end, after cutting off the lid and bottom of the drum. Sharpen the bottom of 
the 6 rings. Each ring is used for a measurement. On the outside of each ring 
mark a line 50mm up from the bottom, and on the inside mark a line 90mm and 
100mm from the bottom. 
3. The next day remove the hessian bags and place each ring, sharp end down 
on the wetted surface of Horizon 2. Place a piece of wood over the top of the 
ring and use it to push the ring into the ground until the line on the outside of the 
ring is flush with ground level (50mm from the bottom). Use wet clay, collected 
away from the sampling area, to fill gaps between the outside of the ring and 
the soil, making a watertight seal. Fill the ring with rainwater to the upper line on 
the inside of the ring (100mm from the bottom of the ring) and with a ruler 
measure how far the water drops in 6 minutes. If the water drops quickly, use a 
stopwatch to time how long it takes for the water to drop to the lower line inside 
the ring (90mm from the bottom of the ring). If the water drops very slowly, and 
· no observable drop is detected after 6 minutes, continue measuring ·for another 
6 minutes. If the measurement was made over 6 minutes, the drop in water 
level multiplied by 10 gives the saturated hydraulic conductivity in mm/hr. If the 
measurement was made over 12 minutes multiply the drop by 5 to give the 
conductivity in mm/hr. If no observable drop was seen in 12 minutes then it can 
be concluded that the conductivity is less than 5mm/hr. If the water dropped 
quickly,· divide the number of minutes taken for the 10mm drop in water level by 
600 to give the value in mm/hr. 
The measurement for water infiltration is repeated on the same ring until two 
consecutive measurements are similar, indicating that the soil is thoroughly wet 
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and the measurement reflects the saturated hydraulic conductivity. Average the 
6 measurements at the site to give an estimate of the saturated hydraulic 
conductivity of Horizon 2. 
This is a simple method of field measurement that complies with the desired 
complexity and perceived prior knowledge for using this decision-key. Another 
simple alternative is to use a pedotransfer function, such as the one presented 
by McKenzie and Cresswell (2003) to estimate the saturated hydraulic 
conductivity. That function requires inputs of areal porosity (an visual estimate 
of porosity) and bulk density, which require more technical experience and 
equipment to determine. It is recommended that a direct measurement be made 
using the method given above because direct measurement is likely to be more 
accurate than relying on pedotransfer functions. 
The HILLS model sensitivity analysis identified a threshold in the saturated 
hydraulic conductivity of approximately 4mm/hr, above which, a higher hillslope 
gradient was required to move the water laterally (Section 7.7.2). The simple 
method recommended for estimating the saturated hydraulic conductivity is not 
accurate below 5mm/hr, because this equates to only a 1 mm drop in the water 
level in the ring, which is essentially the lower limit that can be expected using a 
_ ruler. Consequently the threshold value has been approximated to 5mm/hr in 
the decision-key. 
8.2.2. 6 Evidence of saturation in Horizon 1 
If there is evidence of an impeding layer within a soil, reflected by an abrupt 
texture change and a saturated hydraulic conductivity below 1 0mm/hr, then it is 
possible that saturation occurs in the horizon above. Generalised soil 
morphological descriptions provide a guide as to the degree of saturation that 
may have occurred in the past in Horizon 1. Three classes are defined as: 
( a) Dark in colour with very few mottles or redox segregations: there is little 
evidence of saturation in this soil horizon. Therefore there is little chance of 
· significant SLF. 
(b) Pale in colour with few to common mottles and redox segregations: some 
,, saturation _may occur at this location, but it is not likely to generate significant 
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SLF. 
(c) Very pale with many mottles and redox segregations: significant SLF is 
possible. 
Here dark refers to colours darker than yellow-brown (i.e. smaller Value, or 
same Value and larger Chroma than 1 OYR 6/4 in Munsell Colour Company, . 
1975). Pale soil colour includes pale-brown (10YR 7/3) and very pale includes 
light grey (1 OYR 7 /2), very pale brown (1 OYR 7 /4) and white (1 OYR 8/2). These 
are a general guide to the colour range and do not define strict colour classes. 
The abundance of mottles and redox segregations are defined by McDonald et 
al. (1990) as very few= <2%, few =2%-10%, common =10%-20°/o and many= 
20%-50%. 
8.2.3 Watertable 
A watertable can provide an additional source of water and can be valuable for 
drought resilience of a tree belt. However, if the water is of poor quality (e.g. 
saline) then it may be detrimental to tree growth, and species selection must 
; 
account for the quality of the water source. A few recommendations are made 
to identify any groundwater sources at a potential tree plantation site. Here it is 
assumed that the quality of the watertable is sufficient for tree use, but testing of 
the water quality would be required before selecting tree species and planting a 
tree belt. 
8.2.3.1 Depth to watertable 
The depth to a watertable is important because it will determine whether the 
water is readily available to a tree belt. If evidence of prolonged saturation had 
not already been identified in the soil morphological interpretation in Section 
8.2.2.3, then it is advised that a hole is drilled to at least 5m depth at the bottom 
. of the hillslope. 
This research shows that trees preferentially use near-surface water. If a 
watertable is evident in the top 3m of the soil then a tree plantation is more 
likely to draw on that water in a year with average rainfall. If a watertable exists 
between 3m and 5m below the surface it is likely to be utilised by trees during 
drought periods. 
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8.2.3.2 Transient versus permanent watertables 
Transient watertables are likely to only occur during winter when excess water 
is being generated, as shown in Section 6.2.1. In that period in southeast 
Australia the trees are more likely to have ample water supplied by direct 
rainfall, so will only use that water if it persists until summer. However a 
permanent watertable that persists throughout the dry season is more likely to 
be used by a tree belt when it becomes water stressed, and therefore provides 
a valuable water source for drought resilience. 
If the watertable is present during summer in southeast Australia then it is likely 
to be permanent compared to if it is only present during winter. From this 
perspective it is recommended that the drilling in search of a watertable 
(Section 8.2.3.1) be carried out in summer when the hillslope would generally 
be at its driest. The soil morphology, outlined in Section 8.2.2.6, can then be 
used to determine whether periodic saturation has occurred. For a more 
detailed investigation a piezometer could be installed using the method 
described in Section 3.5. 7, and manually monitored, preferably at least for a 12-
month period. 
8.2.3.3 Replenished or finite water source 
If a watertable is essentially a finite resource, then a tree belt may initially thrive 
while using the watertable present, but once the water has been used the trees 
will become reliant on rainfall and possibly lateral flow (Surface runoff plus 
SLF). If the watertable is being replenished then the tree growth is more likely to 
persist without sufferance. 
The degree that a watertable would be replenished can be estimated by 
summing the volume of excess water that drains vertically below the rooting 
depth, over the area of the catchment that drains to that location. Therefore a 
larger catchment would have larger recharge to the watertable than a smaller 
catchment with comparable qualities. In the case of a perched watertable the 
catchment area is generally limited to the area that contains the horizon 
impeding vertical drainage. Therefore a perched watertable would generally 
have less water to supply than a ground watertable. 
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The soil removed during drilling while looking for a watertable can be used to 
indicate whether the watertable is a perched accumulation of water, or whether 
the saturation was initiated at a greater depth. A perched watertable would be 
characterised by a horizon of low permeability, evident by a horizon that is high 
in clay content and bulk density and is grey in colour. The horizon below would 
have a texture with less clay and more sand, better drained and it is likely to be 
yellow or brown. An example of a soil indicative of a perched watertable is 
evident on the Lowerslope of the Holbrook field site, discussed in Section 4.4.4. 
If there is not any evidence of a restrictive layer then the watertable is likely 
from a deeper system. 
8.2.4 Applying the decision-key 
The different possible sources of water available to a tree belt (direct rainfall, 
run-on, SLF and groundwater) are considered in these guidelines. Variation in 
the water available for a tree belt is dependent on the significance of the surface 
runoff, SLF and any watertable at the site, as well as the location of the tree belt 
with respect to ·these sources of water. 
The decision-key, described in Section 8.2, is used within a process to estimate 
the likelihood that additional water from surface runoff, SLF and/or a watertable 
would be available to a tree belt plantation. The sequence of steps to identify 
water availability to a plantation would be as follows: 
1. Estimate of the average volume of excess water not being used by the 
vegetation upslope (Section 8.1 ). 
2. Estimate the average surface runoff (assuming a suitable method is 
available) (Section 8.2.1) and likelihood of concentration of runoff water. 
3. Deep drainage losses upslope might be available as groundwater to a 
tree belt. Use the decision key to determine likely available groundwater. 
A significant run-on contribution and/or good quality constant source of 
groundwater both decrease the need for accurate partitioning between the 
remaining water balance terms - drainage and SLF. 
4. Use the decision key to estimate the likely significance of SLF at the site. 
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Depending on the significance of these different water sources a tree belt can 
be located to utilise the additional water available as illustrated by the following 
examples. 
Consider a hypothetical hillslope site in pasture with a distinct BOS, and an 
annual rainfall is 600mm. There was no evidence of prolonged saturation nor an 
abrupt change in texture in the soil and no watertable. There is substantial 
qualitative evidence of frequent surface runoff and SLF is unlikely to occur. In 
this case it is recommended that a tree belt should be planted at the estimated 
location of the accumulation and infiltration of surface runoff, which would be 
adjacent to the BOS. 
For another hypothetical illustration consider that the annual rainfall is 700mm 
and the hillslope has a uniform gradient of 10%. Assume also that there is no 
evidence of prolonged saturation in the soil horizons exposed in the excavation 
pits and trenches, but that drilling found a permanent watertable at 4.5m below 
the surface which is replenished each winter. The soil morphology shows an 
abrupt change in texture, and Horizon 2 has a ·saturated hydraulic conductivity 
less than 5mm/hr. There was bleaching and redox segregations in Horizon 1. 
The vegetation cover of the hillslope is 100% grass. In this case there is 
qualititative evidence of frequent surface runoff, but without a BOS few specific 
locations where water concentrates so as to be available to a tree belt. The 
likely location for preferential surface water accumulation and infiltration would 
be dependent on factors such as soil condition and vegetative ground cover 
beneath the trees. Moderate SLF is likely to occur and the permanent 
watertable at depth is only likely to be used in extended dry periods. Here it is 
recommended that the tree belt be located where the watertable is within 5m 
depth and where SLF has been identified. Additional soil sampling could be 
used to identify the extent of the evidence of saturation in Horizon 1. Then the 
tree belt could be planted nearer the downslope end of the expected SLF area, 
so it would receive more run-on water. The watertable is a valuable water 
source for drought resilience, assuming that the water quality is suitable for 
plant use. 
If there is not any significant volumes of additional water (surface runoff, SLF or 
a watertable) likely then a tree plantation is reliant on the rainfall and soil water 
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storage capacity alone for its water supply. Therefore the selected species must 
be suited to the annual rainfall and have a tolerance to drought to plant a belt at 
the site. Again Marcar et al. (2002) is recommended for a summary of species 
and their tolerances . 
8.3 Estimating Tree Belt Width and Inter-belt Spacing 
Section 8.1 presented the means to estimate the excess water generated at a 
potential tree belt plantation site. Evidence that the water will be able to be 
intercepted and used by tree belt plantations can be found using the key given 
in Section 8.2 although it is not yet possible to be quantitative in partitioning 
between drainage, runoff and SLF. The next step is to consider appropriate tree 
belt widths and inter-belt spacings to minimise risk of tree mortality and 
maximise productive utilisation of the available water. 
Again a simple, pragmatic approach is taken to assist in designing tree belt(s) 
for a hillslope. A model called HILLBEL T (Silberstein et al., 2002b; Silberstein et 
al., 2001) is used here to determine the tree belt width and inter-belt spacing 
that could be supported on a hillslope, given an estimate of the excess water 
available to the tree belt, and the potential water use of the trees. 
In this section the model is described and then used to provide tree belt design 
options for the Holbrook field site. 
8.3.1 Description of the HILLBEL T model 
The HI LLB EL T model is conceptualised in Figure 8.3. On a two-dimensional · 
basis, the model determines the inter-belt spacing L and the tree belt width w 
such that all excess water not utilised by the pasture or crop upslope r is used 
by the tree belt g. The model inputs are the gradient of the hillslope L1 (% ), 
saturated hydraulic conductivity Ksat (m/day), excess saturated soil water from 
upslope r (mm/yr), tree water extraction from the additional run-on water 
sources g (mm/yr), critical depth of saturation z that can be tolerated by the 
vegetation before growth and transpiration slows, which is given in metres from 
the bottom of the soil profile, and the number of months Nm that excess water is 
expected to occur (which is converted to days in the spreadsheet). 
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w 
Figure 8.3 The conceptual model, used in HILLBEL T, of SLF being captured by trees on 
a hillslope (Source: Silberstein et al., 2002b) 
For the tree belt to intercept all lateral flow the total inter-belt excess water must 
equal the total water use by the trees, given by 
Lxr = wxg 8.3 
Flow to the tree belt q0 is a function of the gradient A ( divided by 100 to convert 
from percentage to proportion), saturated hydraulic conductivity Ksat, and the 
thickness of saturation Zt, viz 
A q =-K z 
o 1 OO sat t 8.4 
If the total saturation thickness equals the critical depth of saturation (i.e. Zt = z) 
then q0 =Lxr and for the tree belt to completely use the water supplied 
A q = --K tz = L x r = w x g 
o 100 sa 
So from Equation 8.6 _solving for L, the inter-belt spacing is 
A L= ----;-( x Ksatz x1000N 
100 
The coefficient 1 OOON is required to convert the hydraulic conductivity and 
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critical depth from m/day and m, to mm/yr, where N is the number of days per 
year when saturated flow is expected to occur. 
Similarly the tree belt width w is also found by rearranging Equation 8.6 as 
~ 
w = -+ g x Ksatzx 1000N 100 8.7 
The HI LLB EL T model does not account for various tree densities within the belt, 
instead it assumes that the whole width of the tree belt is able to extract water 
uniformly at the specified rate g. 
8.3.2 Application of HILLBEL T model 
Below is a worked example of the HILLBELT model applied to the field site at 
Holbrook, to estimate a suitable inter-belt spacing and tree belt width for the 
site. The tree belt design was determined for a wet, average and dry year to 
explore the variation in the outcomes. 
8.3.2.1 Input values 
Most input values, given in Table 8.5, were estimated using measurements from 
the field site. The saturated hydraulic conductivity measurements from the field 
site, presented and discussed in Section 4.3, are averaged, and then weighted 
over the total soil depth to give a single value. Only a single gradient can be 
assigned to any one design simulation so a range of gradients were used from 
5% to 35% (the average gradient of the Upperslope) to encompass the 
variability at the field site. The critical depth of saturation was set to 1 m. 
The excess water values were calculated using the water balance model 
described in Section 5.3. For spreadsheet application it was assumed that the 
tree belt did not exist on the hillslope, and therefore Zone 2(T) was modelled in 
the same way as Zone 3. The total excess water, (i.e. the sum of the surface 
runoff, SLF and watertable) generated over the hillslope was u_sed for the model 
input of r. A range of values for r about the calculated value was tested to show 
the sensitivity of the inter-belt spacing to the value of excess water. The model 
Table 8.5 Input values for the HILLBEL T spreadsheet model, based on measurements at 
the Holbrook field site. 
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Parameter Wet Average Dry 
Ksat 0.7 0.7 0.7 
ti 5 - 35 5-35 5-35 
z 1 1 1 
r 110 70 5 
g 200-400 100-200 · 55-100 
Nm 6 4 4 
Ksat= saturated hydraulic conductivity (m/day), z = critical depth of saturation (m), .L\ = the 
range of gradients tested (%), r = excess water generated upslope (mm/yr), g = excess 
water that can be used by a tree belt (mm/yr), Nm = the number of wet months in a year 
converted to a number of days for model calculations. 
was run using daily data inputs of rainfall and evaporation from the Holbrook 
Post Office (Queensland Department of Natural Resources, 2003) using a 'wet' 
year (1099mm rainfall), 'average' year (695mm rainfall) and a 'dry' year (538mm 
rainfall). The dry year was selected to have similar total annual rainfall as at the 
field site in 2002. Another year with annual rainfall of 539mm was tested but it 
did not generate any excess· water. A key difference was the number of months 
that rainfall exceeded potential evaporation, as discussed in Section 8.·1, which 
highlights again that this is an important criterion in generating excess water on 
a hillslope and more useful than mean annual rainfall. The number of months 
that rainfall exceeded evaporation was used for the model input Nm. 
The range of the tree water use values from the watertable g (i.e. over and 
above rainfall) was taken from field data and literature. For the dry year g was 
estimated as 55mm from the field site water balance discussed in Section 5.3.2. 
This was varied up to 100mm from estimates of a similar planting in northeast 
Victoria (Silberstein et al., 2002b ). The values of 200mm for an average rainfall 
year and 400mm for a high rainfall year were also taken from Silberstein et al. 
(2002b). 
8.3.2.2 Results from spreadsheet application 
The specifications for the tree belt design (i.e. inter-belt spacing and width) 
appropriate for a wet, average and dry year are given in Tables 8.6, 8.7 and 8.8, 
respectively. An example interpretation is: for a wet year (Table 8.6) with a 5% 
gradient and 11 0mm/yr excess water r, the inter-belt spacing was predicted to 
be 58m, and with 400mm/yr tree water use g, the estimated tree belt width was 
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16m. 
In general, as the rainfall decreases and consequently the excess water rand 
tree water use g decreases, the predicted inter-belt spacing and the tree belt 
width increase. Using the average gradient of the hillslope at Holbrook (30% ), 
Table 8.6 Proposed inter-belt spacing and tree belt width calculated using the HILLBEL T 
spreadsheet for the Holbrook field site in a wet year (annual rainfall 1099mm). 
Gradient Inter-belt spacing L (m) Tree belt width w (m) 
(Ofo) r(mmlyr) g (mm/yr) 
100 110 150 200 300 400 
5 64 58 43 32 21 16 
10 128 116 85 64 43 32 
15 192 174 128 96 64 48 
30 383 348 256 192 128 96 
35 447 406 298 224 149 112 
Table 8.7 Proposed inter-belt spacing and tree belt width calculated using the HILLBEL T 
spreadsheet for the Holbrook field site in an average year (annual rainfall 695mm). 
Gradient Inter-belt spacing L (m) Tree belt width w (m) 
(%) r(mmlyr) g (mm/yr) 
60 70 80 100 150 200 
5 71 61 53 43 28 21 
10 142 122 106 85 57 43 
15 213 183 160 128 85 64 
30 426 . 365 319 256 170 128 
35 497 426 373 298 199 149 
Table 8.8 Proposed inter-belt spacing and tree belt width calculated using the HILLBEL T 
spreadsheet for the Holbrook field site in a dry year (annual rainfall 538mm). 
Gradient Inter-belt spacing L (m) Tree belt width w (m) 
(%) r(mmlyr) g (mm/yr) 
1 5 10 55 75 100 
5 4258 852 426 77 57 43 
10 8517 1703 852 155 114 85 
15 12775 2555 1278 232 170 128 
30 25550 5110 2555 465 341 256 
35 29808 5962 2981 542 397 199 
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for a wet year the inter-belt spacing was predicted to be 348m (r = 110) and the 
tree belt width 128m (g = 300mm/yr). In average and dry years the respective 
inter-belt spacing were 365m (r = 70) and 511 Om (r = 5), and the tree belt 
widths were 170m (g =150) and 341 m (g =75). The large range in both the inter-
belt spacing and tree belt width for the range in annual rainfall makes it 
essentially impossible to design a tree belt that will utilise all the excess water in 
the wet year and then not suffer from severe drought mortality in the years with 
below average rainfall. 
Tree belt design will be dictated by the primary purpose of the plantation, a 
plantation primarily being established for commercial timber production is likely 
to be considered differently to one for recharge reduction. However tree 
mortality is not desirable in any circumstance and so it is recommended that a 
tree belt is designed to utilise the volume of excess water in average or dryer 
than average years, taking care that tree species need to be chosen carefully 
for drought tolerance. With this approach some excess water may not be 
intercepted by the tree belt in some wetter than average years. However, 
additional planting of deep rooting perennial pasture species such as phalaris or 
lucerne could be used to limit recharge to the lower slopes. 
Consider now tree belt designs for the Holbrook field site. The gradient and 
hillslope length, based on the DEM developed in Section 4.1, are as follows: the 
Upperslope had a gradient of 35% and was 260m long, the Waning-Midslope 
and Midslope had a gradient of 15% and was 175m (total length from crest 
435m), then the Lowerslope had an average gradient of 7% and was 230m long 
(total length from crest 660m ). 
Applying the tree belt design from the average rainfall year, given in ·Table 8.7, 
for the Upperslope (i.e. gradient 35%) the inter-belt spacing, or the .distance 
from the crest to the first tree belt), is 426m, but this length ranges from 497m to 
373m. At the field site the gradient changes to 15% after only 260m, and at that 
gradient the inter-belt spacing is nearly half compared to a 35% gradient. This 
highlights a limitation in applying the model_ because it assumes constant 
gradient over a hillslope. 
Assuming an average gradient of 30% at the Holbrook field site, and designing 
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for an average rainfall year, a tree belt should be located between 319m and 
426m from the crest. This range in inter-belt spacing includes the topographic 
BOS, at 345m, and most of the Midslope Zone. Analysis of the field results, 
presented in Section 5.3.2, showed that even in a drought period excess water 
was generated in both the Waning-Midslope under pasture and on the 
Midslope. This supports the contention that the upslope contributing area of 
pasture indicated by the HILLBELT model seems reasonable to support a tree 
belt in that area of the hillslope. The HI LLB EL T model does seem appropriate to 
provide an indication of the inter-belt spacing (i.e. the distance from the crest to 
the first belt) given an adequate estimate of the water likely to be available, but 
to specifically locate the plantation ground-truthing using a tool such as the 
decision-key presented in Section 8.2 is necessary. 
The existing tree belt is located at 390m from the crest, which lies within the 
range calculated. Excess water was still generated downslope of the existing 
tree belt. The trees could have been planted further downslope (36m) based on 
the HI LLB EL T predictions, which may have increased t~e water available for 
them to intercept including the deeper groundwater, and also decreased the 
lateral flow (surface runoff plus SLF) to the Lowerslope. Alternatively the 
existing tree belt could have been planted at the BOS and another belt could be 
planted further downslope. The specifications of the second belt would depend 
on the recommended tree belt width of the first because this alters the gradient 
of the location where the second belt will be located. 
The recommended tree belt width for an average rainf_all year, with the average 
total gradient of the hillslope (30% ), was 128m to 256m wide, which is up to 5 
times greater than the existing belt of 50m. However, given the 
recommendations on the inter-belt spacing discussed above for the site, it is 
likely that the gradient that the tree belt would be planted on would be 15% not 
30%. With a 15% gradient the recommended tree belt width is 64m to 128m, 
which again is wider than the existing plantation, but not by as much. The 
general conclusion based on an average rainfall year is that the tree belt at the 
Holbrook field site could be wider to use more water, as was indicated in 
discussion in Section 6.5. It is recommended that the tree belt specifications err 
on the conservative side to avoid tree mortality in drought conditions. Drought 
mortality results in a direct loss of income from potential timber products, but 
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there is also the loss in potential income from converting that land from a 
pasture for grazing. The additional excess water that may occur in the wetter 
years could be utilised on the lower slopes by a perennial pasture. 
These results are combined to offer an estimation of a suitable tree belt design 
for the Holbrook hillslope. It may support a tree belt planted at the BOS (345m 
from the crest) that is 64m wide. With the gradient at that location being 15% a 
second belt could be planted 160m further downslope (r = 80), totalling 569m 
from the crest to the start of the second belt, which could also be 64m wide. The 
second belt would therefore be well within the Lowerslope, and could potentially 
extract water from the watertable there (Section 6.2.2). 
The recommendation for a wider tree belt for the Holbrook field site may seem 
contradictory given the tree mortality experienced by some of the existing trees 
in 2002-2003. Eucalyptus saligna species survived one of the worst droughts on 
record, but the Acacia melanoxylon trees suffered significant mortality reflecting 
a lack of drought tolerance or ability compete for water with the other species. 
This highlights the importance of considering a variety of factors such as 
species selection and planting density when planting a tree belt. 
8.3.2.3 Summary of the HILLBEL T predictions for the Holbrook 
field site 
The HILLBEL T spreadsheet model predicted a large range for the inter-belt 
spacing and the tree belt width, and interpreting the range is difficult with 
variable gradient such as around BOS situations. However, taking the average 
gradient (30%) of the Holbrook field site the indicated range in inter-belt spacing 
(i.e. distance from crest) encompassed the BOS, and the zones that generated 
excess water according to the water balance analysis presented in Section 
5.3.2. The HI LLB EL T results suggest the existing tree belt (50m wide) could be 
wider again concurring with evidence from the site, or be located further down 
the hillslope. 
HILLBEL T should be used with the understanding that the model assumes a 
single gradient for a hillslope when predicting the inter-belt spacing and the tree 
belt width. There will be circumstances where an average gradient for the 
hillslope may not give an appropriate interpretation of the hydrological 
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processes. Further research could address the addition of a simple option to 
enable the gradient to be varied down the hillslope. 
The appropriate use of this spreadsheet calculation would appear to be not in 
isolation. It is best used in conjunction with knowledge of hillslope topography, 
the key for identifying the occurrence of lateral flow paths given in Section 8.2, 
and the identification of appropriate tree species and planting density using 
texts such as Marcar et al. (2002). The spreadsheet model requires prior 
knowledge of water available to the trees. This means knowing how much 
excess water is generated on a hillslope, and how much of it is likely to be 
accessible to a tree belt plantation. 
To allow for the uncertainty in predictions, it is therefore recommended that tree 
belt designs are conservative at first. If the trees alone are found to not use all 
of the excess water, then additional trees or high water use grass and legumes 
such as phalaris and lucerne can be planted to increase the water harvested 
from a hillslope. A conservative approach to plantation design might avoid 
potential financial losses from tree mortality during drought. 
8.4 Chapter Summary 
In this chapter the research from the Holbrook field site, presented in Chapters 
4, 5 and 6, were combined with the results from the sensitivity analysis of the 
HILLS model for the region of southern New South Wales (Chapter 7), and 
knowledge and tools from the literature (Chapter 2), to begin the development 
of a practical set of steps to assist in the location and design of tree belt 
plantations. In summary, the recommended process is: 
* Estimate the excess water generated at the potential plantation 
site using a simple monthly water balance; 
* Determine whether this excess water is likely to move laterally and 
be available to a tree belt; and 
* Approximate, using a simple spreadsheet model, the appropriate 
inter-belt spacing and tree belt width given an estimate of the 
excess water available to the tree belt from lateral flow. 
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The aim was to propose a series of steps, completion of which would 
encourage a structured scientific approach to site selection, and plantation 
design. The process is designed to help farmers and advisors to take control of 
the decision by helping them observe their landscape and soils in a structured 
way, while utilising the qualitative data they can provide from their own 
experiences. It was recognised that to be used by landholders and advisors, the 
site selection and plantation design process had to be simple and easy-to-use. 
The broad approach meets the objectives and is quantitative in the estimation of 
excess water and in calculating inter-belt spacing and tree belt width. 
Partitioning the excess water into drainage, runoff and SLF and determining the 
proportions that will be available to the tree belt is more difficult. To quantify the 
partitioning is complex and infers generation of a conceptual model of the 
hillslope hydrology and simulation with a suitable numerical model. The 
alternative approach proposed here included simple approximation of surface 
runoff and a more qualitative decision-key approach for SLF .· This approach, 
although simple, is not able to provide the quantitative inputs required for the 
HI LLB EL T model, so model inputs must be inferred. Immediate applicability of 
the approach is also limited by the lack of a suitable approach for surface runoff . 
estimation. Once this is overcome there would remain the need to test the 
approach to ensure reliability and transferability throughout southeast Australia. 
Some packaging would also be required so the spreadsheets were 
accompanied by clearly written explanations and instructions to minimise the 
risk of errors or inappropriate application. 
The input data requirements for the site selection and plantation design process 
proposed are not onerous. The climate data required for the monthly water 
balance is available free of charge over the Internet, and the available water · 
capacity can be · estimated with some general knowledge of the field texture of 
the soil on the selected hillslope. The field measurement and estimation 
required for the decision-key, shown in Figure 8.1, was again kept to the 
minimum data, including the surface properties and easily attained soil 
properties to estimate the dominant lateral flow paths down a hillslope. Finally 
the design spreadsheet (HILLBEL T), discussed in Section 8.3, has only 6 input 
parameters, and Silberstein et al. (2002b) give simple means to estimate a 
su'itable tree belt width and inter-belt spacing. 
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Other considerations when planting a tree belt include selecting appropriate 
species, the equipment and costs for manag·ement and harvesting, transporting 
of the wood products to the mill, and the desired wood quality and markets for 
the plantation timber. These are important aspects for achieving the suitable 
goals for a plantation, but they are beyond the focus of this research. A brief 
outline of these considerations is addressed in Stirzaker et al. (2002b ). 
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Chapter 9 Research Summary and Key Findings 
Research Summary 
Farm forestry is an important tool in the mitigation of water logging and salinity 
in Australia. Planting tree belts across a hillslope has the potential to intercept 
lateral flow of water over the surface and through the soil, if the conditions are 
appropriate. Thus water not utilised by pasture or crop upslope can potentially 
be harvested to produce a saleable wood product and at the same time confer 
positive impact on the local water balance. 
This research aimed to investigate the: 
* Significance of lateral flow (surface runoff plus subsurface lateral 
flow (SLF)) in conditions representative of southern NSW and 
northern Victoria, 
* Conditions required to generate SLF, 
* Potential for soil properties to indicate SLF, 
* The effect of vegetation on hillslope hydrology, and 
* To initiate the development of guidelines for locating tree belt 
plantations. 
An understanding of lateral water flow processes, both surface runoff and (SLF) 
is a prerequisite for tree belt plantation design. In this project, monitoring of the 
hydrology on a hillslope near Holbrook, in the Billabong Creek Catchment, 
southern New South Wales, was used to gain direct information on the causal 
mechanisms and significance of lateral flow (surface runoff plus SLF) (Chapter 
3). The data were used to derive a simple water balance for the hillslope, and to 
compare the water use of trees and pasture (Chapter 5). The dominant lateral 
water flow paths were identified and a conceptual model of the hydrology of the 
hillslope was developed and presented in Section 6.3. 
Soil and topographic properties were thought to have potential for use in the 
identification of likely SLF pathways. Soil attributes at the field sites were used 
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to imply the dominant lateral flow paths and these pathways were subsequently 
monitored as part of the field measurement program. 
To complement the research based at the single field site, a sensitivity analysis 
of SLF to soil, topographic and rainfall properties was conducted using the 
HILLS hydrological model. The input values were not specific to the field site at 
Holbrook, but were representative of conditions in southern New South Wales. 
The model application was in recognition of the limitations of site-specific field 
· based study and the need to extrapolate understanding on the occurrence of 
SLF over a wider range of climatic and landscape conditions. 
Finally the results, and analysis from the literature review, field site data and 
modelling research on the occurrence of lateral flow (surface runoff and SLF) on 
hillslopes, were integrated and used to initiate the development of a series of · 
guidelines to assist in locating tree belt plantations. The guidelines address the 
following steps: 
Estimate excess water generated on a hillslope (Section 8.1) 
If excess water is generated, determining whether it is likely to move 
laterally and be available for interception by the tree roots? 
(Section 8.2) 
If lateral flow is available for the tree belt, calculating the inter-belt 
spacing and tree belt width that can be supported by the flow 
(Section 8.3) 
Key Findings 
Field observations 
Rainfall 
* Rainfall at the field site during the calendar year 2002 was 22% 
below the long-term average at Holbrook (Chapter 5). 
Plant water use 
* The trees at the field site extracted water to a depth of 5m, 
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attaini_ng a maximum soil water deficit of 364mm during the period 
of observation (Chapter 5). 
* The tree belt preferentially used near-surface water, only resorting 
to utilisation of deeper stores as availability of surface water 
declined during the drought (Chapter 5). 
* Trees created a large buffer of dry soil and were therefore likely to 
be effective in intercepting surface and shallow lateral flow and in 
preventing deep drainage (Chapter 6). 
* Deeper soil water stores, lateral flow paths and ground 
watertables are only likely to be used during extended dry periods, 
but those stores are important for drought resilience (Chapter 6). 
* The Acacia melanoxylon species and possibly the Eucalyptus 
saligna too, were not able to intercept the deep lateral· flow path 
identified (at approximately 6m depth) (Chapter 6). 
* From the first summer to the second summer in the drought period 
a total of 7 43mm (i.e. rainfall plus change in soil water content, 
ignoring lateral run-on) was not sufficient to sustain both tree 
species in the belt plantation (Acacia melanoxylon suffered 
significant mortality). Eucalyptus saligna didn't being more drought 
resistant and/or able to out-compete the Acacias) (Chapter 6). 
* The permanent wilting point of the Acacia melanoxylon species in 
the tree belt was estimated as 0.2m3/m3 (Chapter 5). 
* The Paterson's Curse was able to dry the soil to 3m depth from 
spring 2002 until winter 2003 indicating one of the reasons why it . 
out-competes shallower-rooted introduced pasture species 
(Chapter 5). 
* Vertical drainage was approximately 7.2o/o of rainfall within the 
runoff collection area during the period of observation, although 
there was virtually no drainage beneath the tree belt (Chapter 5). 
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Lateral water flow 
* Lateral flow (surface runoff plus SLF) totalled less than 1 % of 
rainfall at the field site for the observation period (Chapter 5). 
* On an event basis lateral flow (surface runoff plus SLF) was 
always less than 5% of rainfall, and SLF never exceeded 1 % of 
rainfall. However, this was measured in a drought period, and may 
be more in a year with average or above-average rainfall (Chapter 
5). 
* The volume of lateral flow (surface runoff plus SLF) increased 
when the antecedent water content was between 80%AWC and 
100%AWC (water between field capacity and permanent wilting 
point) (Chapter 5). 
* Transient saturation occurred in the 2A2 horizon on the Midslope 
when the hillslope profile was wet. Evidence suggests that this 
occurred due to impeded drainage above the 2B22 horizon, and it 
may have been responsible for saturation up to the A2 horizon 
(Chapter 6). 
* Four potential major lateral flow paths were identified: surface 
runoff, SLF through the A2 and 2A2 horizons (Chapter 4) with flow 
through a confined aquifer at 6m depth also a possibility (Chapter 
6). 
* A simple monthly time-step soil water balance calculation was 
able to show that when the soil water content exceeded field 
capacity, periods during which SLF was more likely to occur 
(Chapter 5). 
* Soil attributes such as colour and redox alterations are easily 
determined in the field and could be used to identify the dominant 
lateral flow paths at the field site (Chapter 6). 
* Macropore flow was significant in both the A2 and B2 horizons, 
and played an important role in the generation of SLF (Chapter 4 
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and 5). 
* To fully elucidate the mechanisms of SLF at hillslope scale 
requires detailed measurement of both surface and subsurface 
properties and processes (as was attempted here). 
Simulation with the HILLS model 
* Simulation experiments indicate 'extreme' rainfall, topographic and 
soil conditions are required for SLF to ever exceed 5% of annual 
rainfall (Chapter 7). Vertical drainage dominated water flow. 
However, field studies (White et al., 2001) show that the 
distribution of annual rainfall plays a significant role in the 
partitioning between vertical and lateral flow. 
* SLF was dominantly controlled by the local topographic gradient 
(within 40m here) rather than the total hillslope gradient and shape 
of the contributing area. This distance could increase in wetter soil 
with constant rainfall, or with a more restrictive layer. Here steep 
slopes generated the most SLF, but as the annual rainfall 
increased so did the gradient required to move the additional 
excess water laterally (Chapter 7). 
* . The outlet gradient required to move the water laterally varied with 
the hydraulic conductivity of the lower soil layer. As the 
conductivity of the lower layer decreased, the gradient required to 
generate SLF also decreased (Chapter 7). 
* If the lower soil layer had a small permeability an increase in 
gradient increased the volume of lateral flow. If the lower layer 
was more permeable then the SLF reached a maximum volume, 
despite an increase in outlet gradient (Chapter 7). 
* The soil properties having greatest influence on SLF processes 
were the depth to the impeding layer (through its affects on the 
soil storage capacity), .the rooting depth compared to the depth to 
the impeding layer, and the degree to which the impeding layer 
restricts vertical flow (Chapter 7). 
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* Recall that the conclusions from the sensitivity testing of the 
HILLS model have not been field verified; they are simulation 
experiments and are dependent on the adequacy of physical 
representation in the model. 
Concluding Comments and Further Research 
Tree belt plantations do appear to have the potential for multiple positive 
benefits when located such that they can intercept excess water from upslope. 
This study showed benefits to include: 
* utilisation of water that would otherwise contribute to groundwater 
recharge or surface flows (possibly with downslope waterlogging 
and associated loss of pasture or crop production) from a small 
area planted to trees. 
Other potential benefits that have not been the subject of this study include: 
. * likely better tree production because of extra water availability, 
and 
* shelter and shade for stock, enhanced native habitat and other 
benefits. 
The inclusion of tree belt plantations within a mosaic of different vegetation 
types and land uses is likely to contribute to a more sustainable agricultural 
landscape. 
Appropriate siting of the tree belts is essential for utilisation of water being 
generated from upslope. It is suggested that the site selection process 
incorporates: 
* calculation of the likely amounts of excess water 
* determination of the flow paths and likely availability to the trees. 
* co_nfiguration of the plantation (belt widths etc.) based on likely 
water availability 
Such an approach is proposed in Chapter 8. It recognises the value of simple 
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qualitative description and interpretation of soil attributes used in conjunction 
with basic water balance and hydrological modelling. This type of conditional 
approach to locating tree belts is intended to identify to farmers the hillslopes 
unsuitable for tree belt plantations before resources are spent. 
. Landholder participation has been an important aspect of this research with 
perceived benefits including: 
* access to long-term observations made by the owners and/or 
managers of the property, 
* increased understanding and increasing adoption of factors 
relevant to hillslope plantations by the landholders through their 
direct involvement with the research, 
* keeping researchers familiar with practical requirements and 
constraints faced by landholders, factors highly relevant to the 
adoption of research findings. 
It is thought similar benefits will apply to other research and hence provide 
some justification for taking a participative approach in future studies. 
Finally, some useful lines of future research and development have become 
apparent and these are briefly summarised below. 
* Further development of the guidelines presented for locating and 
designing tree belt planta~ions is warranted. Methodological 
development and testing are needed including attention to the 
transferability of the guidelines to other regions. The guidelines 
then need to be tested by prospective users and packaged in a 
way that enhances adoption. 
* There is value in continuing monitoring at the field site established 
for this study at least until the soil and regolith wets-up to depth. 
Going from dry a condition to wet gives a very good opportunity 
for clearer differentiation of flow processes and the interactions 
between sub-surface and surface hydrological processes. The 
observation of larger flow events also makes the data set more 
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valuable for the development and verification of hydrological 
simulation models. 
* Direct measurement and monitoring at experimental sites can add 
to the understanding of hydrological processes but transferability 
of the site and season specific outcomes is often limited. The use 
of numerical modelling to extrapolate and investigate wide-ranging 
scenarios significantly adds value to the field research. There is a 
need for improved hydrological models at the hillslope scale that 
explicitly incorporate surface and sub-surface flow paths, multiple 
layer soils, and different vegetation types, without excessive 
complexity, that can be used for 'what-if type of analysis to 
support the siting of tree plantations. 
266 
, , 
References 
References 
Allen, R.G., L.S. Pereira, D. Raes, and M. Smith (1998). Crop 
evapotranspiration: Guidelines for computing crop water requirements . 
FAQ irrigation and Drainage Paper, No. 56, Food and Agricultural 
Organisation of the United Nations, Rome. 
Anderson, J.L. and J. Bouma (1973). Relationships between saturated hydraulic 
conductivity a·nd morphometric data of an argillic horizon. Soil Science 
Society American Proceedings, 37: 408-413. 
Anderson, M.G. and T.P. Burt (1977). Automatic monitoring of soil moisture 
conditions in a hillslope spur and hollow. Journal of Hydrology, 33: 27-36. 
Anderson, M.G. and T.P. Burt (1978). The role of topography in controlling 
throughflow generation, Earth Surface Processes, 3: 331-344. 
Anderson, S.H. and D.K. Cassel (1986). Statistical and autoregressive analysis 
of soil physical properties of Portsmouth sandy loam. Soil Science 
Society American Journal, 50: 1096-1104. 
Anderson, M.G. and P.E. Kneale (1980). Topography and hillslope soil water 
relationships in a catchment of low relief. Journal of Hydrology, 47: 115-
128. 
Anderson, M.G. and P.E. Kneale (1982). The influence of low-angled 
_ topography on hillslope soil-water convergence and stream discharge. 
Journal of Hydrology, 57: 65-80. 
Angus, J. F., R. R. Gault, M. B. Peoples, M. Strapper and A. F. van Herwaarden 
(2001 ). Soil water extraction by dryland crops, annual pastures, and 
lucerne in south-eastern Australia. Australian Journal for Agricultural 
Research, 52: 183-192. 
Argent, R. M. and R.J. George ( 1997). Ag ET - A water balance calculator for 
dryland salinity management. MODSIM 97, International Congress on 
Modelling and Simulation, Hobart, December. 
267 
References 
Aston, A.R. (1979). Rainfall interception by eight small trees. Journal of 
Hydrology, 42: 383-396. 
Atkinson, T.C. (1978). Techniques for measuring subsurface flow on hillslopes. 
In Hills/ope Hydrology, (ed) M.J. Kirkby, Wiley lnterscience Publication, 
Chichester, 73-120. 
Auberston, G.M. (1971 ). Nature and extent of macropores in forest soils and 
their influence on subsurface water movement. USDA Forest Service 
Research Paper No. NE-192, 33. 
Australian Greenhouse Office (2001 ). The Contribution of Mid to Low Rainfall 
Forestry and Agroforestry to Greenhouse and Natural Resource 
Management Outcomes: Overview and Analysis of Opportunities. ISBN 
#: 1 876536 51 9, Australian Greenhouse Office and Murray-Darling 
Basin Commission, Canberra. 
Bagarello, V., M. Iovino and G. Tusa (2000). Factors affecting measurement of 
near-saturated soil hydraulic conductivity, Soil Science Society of 
America Journal, 64: 1203-1210. 
Baker, P., P. Please, J. Coram, W. Dawes, W. Bond, M. Stauffacher, M. 
Gilfeder, M. Probert, N. Huth, D. Gayon, 8. Keating, A. Moore, R . 
. Simpson, L. Salmon and A. Stefanski (2001 ). Assessment of salinity 
management options for Upper Billabong Creek catchment, NSW: 
Groundwater and farming systems water balance modelling. National 
Land and Water Resources Audit, Bureau of Rural Science and CSIRO, 
Canberra. 
Bari, M.A. and N. J. Schofield (1992). Lowering of a shallow, saline watertable 
by extensive eucalypt reforestation. Journal of Hydrology, 133: 273-291. 
Bell, R.W., N.J. Schofield, I.C. Loh and M.A. Bari (1990). Groundwater 
response to reforestation in the Darling Range of Western Australia. 
Journal of Hydrology, 119: 179-200. 
Seven, K. (1985). Distributed models. In Hydrological Forecasting. (eds) M.G. 
Anderson and T.P. Burt, John Wiley and Sons, Chichester, 405-435. 
268 
References 
Seven, K. and A. Binley (1992). The future of distributed models: Model 
calibration and uncertainty prediction. Water Resources Research, 6: 
279-298. 
Birkeland, P.W. (1999). The products of weathering. In Soil and 
geomorphology, Oxford university press, New York, 85-104. 
Blackie, J.R. and C.W.O Eeles (1985). Lumped catchment models. In 
Hydrological Forecasting, (eds) M.G. Anderson and T.P. Burt, John 
Wiley and Sons, Chichester, 311-345. 
Bootlink, H.W.G., J. Bouma and P. Droogers (1998). Use of fractals to describe 
soil structure. In Physical non equilibrium in soils: Modelling and 
application. (eds) S.H. EsMagdi and M. Liwang, Ann Arbor Press, 
Michigan, 157-198. 
Bos, M.G. (1978). Discharge Measurement Structures. 2nd edition, International 
Institute for land reclamation, Wageningen, Netherlands. 
Bouma, J., L.W. Dekker and J.H.W. Wosten (1978). A case study on infiltration 
into dry clay soil: II Physical measurements. Geoderma, 20: 41-51. 
Bowden, W.B., B.D. Fahey, J. Ekanayake and D.L. Murray (2001 ). Hillslope and 
wetland hydrodynamics in a tussock grassland, South Island, New 
Zealand. Hydrological Processes, 15: 1707-1730. 
Brooks, R.H. and A.T._ Corey (1964 ). Hydraulic properties of porous media, 
Hydrology paper No. 3. Colorado State University, Fort Collins CO, USA. 
Bronstert, A. (1999). Capabilities and limitations of detailed hillslope 
hydrological modelling. Hydrological Processes, 13: 21-48. 
Burt, T.P. (1986). Runoff processes and solutional denudation rates on humid 
hillslope temperate hillslopes. In Solute Processes, (ed) S.T. Trudgill, 
John Wiley and Sons, Chichester. 
Burt, T. and D. Butcher (1986). Stimulation from simulation? A teaching model 
of hillslope hydrology for use in microcomputers. Journal of Geography in 
Higher Education, 10: 23-39. 
269 
References 
Butler, B.E. (1956). Parna: An aeolian clay. Journal of Science, 18: 145-151. 
Butler, B.E. and H.M. Churchward (1983). Aeolian processes. In Soils: An 
Australian viewpoint. (Ed) Division of Soils, CSIRO, CSIRO, Melbourne, 
91-99. 
Charman, P.E.V. and B.W. Murphy (1991 ). Soils: Their properlies and 
management. Sydney University Press, South Melbourne. 
Chen, X.Y., N.A. Spooner, J.M. Olley and D.G. Questiaux (2002). Addition of 
aeolian dusts to soils in southeastern Australia: red silty clay trapped in 
dunes bordering Murrumbidgee River in the Wagga Wagga region. 
Catena, 47: 1-27. · 
Childs, E.C. (1940). The use of soil moisture characteristics in soil studies. Soil 
Science, 63: 361-376. 
Chlorey, R.J. (1978). The hillslope hydrological cycle. In Hills/ope Hydrology, 
(ed) M.J. Kirkby, Wiley-lnterscience, Chichester, 1-42. 
Chow, V.T. (1959). Open-channel hydraulics. McGraw-Hill book company, New 
York, 98-117. 
Chow, V.T., D.R. Maidment and L.W. Mays (1988). Design Flows. In Applied 
Hydrology, McGraw-Hill Book Company, Singapore, 493 - 558. 
Clemmens, A.J., M.G. Bos and J.A. Repogle (1984). Portable RBC flumes for 
furrows and Earthen Channels. Transactions of the American Society of 
Agricultural Engineers, 27: 1016-1026. 
Clifton, C. and P. Miles (1998). Evaluation of break-of-slope forestry for 
catchment salinity control. Department of Natural Resources and 
Environment, Victoria. 
Clothier, B.E., J.A. Pollok and D.R. Scatter (1978). Mottling in soil profiles 
containing a coarse-textured horizon. Soil Science Society of America 
Journal, 42: 761-763. 
Clothier, B.E. and K.J.R. Smettem (1990). Combining laboratory and field 
270 
References 
measurements to define the hydraulic properties of soil. Soil Science 
Society of America Journal, 54: 299-304. 
Collis-George, N. and R.S.B. Greene (1979). The effect of aggregate size on 
the infiltration of a slaking soil and its relevance to ponded irrigation. 
Australian Journal of Soil Research, 17: 65-73. 
Cook, P. G. and G. R. Walker ( 1990 ). The effect of soil type on groundwater 
recharge in the ma/lee region. Centre for Groundwater Studies: Australia 
Report No. 28, CSIRO Land and Water, South Australia. · 
Coram, J. P. (ed) (1998). National classification of catchments for land and river 
salinity control. RIRDC Publication No. 98/78, Rural Industries Research 
and Development Corporation, Canberra. 
Cox, J. W. and R. Ashley (2000). Water quality of gully drainage from texture-
contrast soils in the Adelaide Hills on low rainfall years. Australian 
Journal of Soil Research, 38: 959-972. 
Cox, J. W., E. Fritsch and R.W. Fitzpatrick (1996). Interpretation of soil features 
produced by ancient and modern processes in degraded landscapes: VI I. 
Water duration. Australian Journal of Soil Research, 34: 803-824. 
Cresswell, H., N. McKenzie and Z. Paydar (1997). Strategy for determining 
hydraulic properties of Australian soils using direct measurements and 
pedotransfer functions. Characterisation and Measurement of the 
Hydraulic Properties of Saturated Porous Media Conference, University 
of California, Riverside, California. 
Cresswell, H.P., D.J. Painter and K.C. Cameron (1994). Prediction of 
evaporation with CONSERVB simulation model: an experimental 
evaluation. Australia Journal of Soil Research, 32: 45-67. 
Cresswell, H.P. and Z. Paydar (1996). Water retention in Australian soils: I. 
Description and prediction using parametric functions. Australian Journal 
of Soil Research, 34: 195-212. 
Croke, B.F .C. and A.J. Jakeman (2001 ). Predictions in catchment hydrology: an 
Australian perspective. Marine Freshwater Research, 52: 65-79. 
271 
References 
Crown, P.H. and. D. W. Hoffman (1970). Relationship between watertable 
levels and type of mottles in four Ontario gleysols. Canadian Journal of 
Soil Science, 50: 453-455. 
Cumming, R. (1996). Poking about in the dirt, retrieved 19/12/2003, from 
Soilmaster site, Website: http://www.soilmaster.com/spokee.htm, 
downloaded 19/12/2003. 
Cumming, R.W. and G.L. Elliot (1991 ), Soil chemical properties. In Soils: Their 
properties and management~ (eds) P.E.V. Charman and B.W. Murphy, 
Sydney University Press, South Melbourne, 193-205. 
Daniels, R.B., E.E. Gamble, L.A. Nelson and A. Weaver (1971 ). Relations 
between soil morphology and water-table levels on a dissected North 
Carolina Coastal Plain surface. Soil Science Society American 
Proceedings, 33: 781-784. 
Daniels, R.B., E.E. Gamble, L.A. Nelson and A. Weaver (1987). Watertables in 
some North Carolina soils. USDA-SGS Soil Survey Investigation Report 
No. 40, U.S Government Print Office, Washington D.c~ 
Darcy, H (1856). Les fontaines publiques de la ville de Dijon. Dalmont, Paris. 
Davis, S.H., R.A. Vertessy and R.P. Silberstein (1999). The sensitivity of a 
catchment model to soil hydraulic properties obtained by using different 
measurement techniques. Hydrological Processes, 13: 677-688. 
Dawes, W.R., L. Zhang, T.J. Hatton, P.H. Reece, G.T.H. Beale and I. Packer 
(1997). Evaluation of a distributed parameter ecohydrological model 
(TOPOG_IRM) on a small cropping rotation catchment. Journal of 
Hydrology, 191: 64-86. 
Day, P.R. (1965). Particle fraction and particle-size analysis. In methods of soil 
analysis: Part one. ( ed) C.A Black et al., American Society of Agronomy, 
Madison, 545-567. 
Doorenbos, J and W.O. Pruitt (1977). Crop water requirements (revised), Food 
and Agriculture Organisation· Irrigation and Drainage Paper No. 24 
Rome. 
272 
References 
Duchaufour, P. (1982). Pedology. George Allen and Urwin, London. 
Duncan, H.D, K.J. Langford and P.J. O'Shaughnessy (1978). A comparative 
study of canopy interception. Proceedings from the Institute of 
Engineering Australia, Hydrology and Water Resources Symposium, 
Canberra, 150-154. 
Dunin, F.X. (2002). Integrating agroforestry and perennial pastures to mitigate 
waterlogging and secondary salinity. Agricultural Water Management, 53: 
259-270. 
Dunin, F.X., I.C. Mcilroy, and E.M. O'Loughlin (1985). A lysimeter 
characterization of evaporation by eucalypt forest and its 
representativeness for the local environment. In The forest-Atmosphere 
Interaction, (eds) B.A. Hutchinson, and B.B. Hicks, D. Reidel Publishing 
Company, Dordrecht, 271-291. 
Dunin, F.X., E.M. O'Loughlin and W. Reyenga (1988). Interception loss from 
eucalyptus forest: Lysimeter determination of hourly rates for long term 
evaluation. Hydrological Processes, 2: 315-329. 
Dunin, F.X., D.A. White, T.J. Hatton and T.W. Ellis (2001 ). Evapotranspiration of 
woody communities, natural and exotic, across southern Australia, 
Proceedings from MODSIM Conference, Canberra, December 2001, 
561-566. 
Dunin, F. X., J. Williams, K. Verburg and B. A. Keating (1999). Can agricultural 
management emulate natural ecosystems in recharge control in south 
eastern Australia?. Agroforestry Systems, 45: 343-364. 
Dunne, T., T.R. Moore and C.H. Taylor (1975). Recognition and prediction of 
runoff-producing zones in humid regions. Hydrological Sciences-Bulletin, 
3: 305-327. 
Dunne, T., W. Zhang and B.F. Aubry (1991 ). Effects of rainfall, vegetation and 
microtopography on infiltration and runoff. Water Resources Research, 
27: 2271-2285. 
Dye, P.J. and D.B. Versfeld (1992). Rainfall interception by Eucalyptus grandis 
273 
References 
canopies: a proposed modelling procedure for use in catchment water 
balance simulations. Division of Forest Science and Technology Council 
for Scientific and Industrial Research Report No. 3/69, Sabie, South 
Africa. 
Farrington, P. and R.B. Salama (1996). Controlling dryland salinity by planting 
trees in the best hydrogeological setting. Land Degradation and 
Development, 7: 183-204. 
Fernandes, N.F ., A.L. Coelho Netto and W .A. Lacerda (1994 ). Subsurface 
hydrology of layered colluvium mantles in unchanneled valleys: South-
eastern Brazil. Earth Surfaces Processes and Landforms, 19: 609-626. 
Fitzpatrick, R.W. (1988). Iron compounds as indicators of pedogenic processes: 
Examples from the Southern Hemisphere. In Iron in soils and clay 
minerals, (eds) J.W. Stucki, B.A. Goodman and U. Schwertmann. NATO 
ASI Series, Series C, Mathematical and physical sciences, D. Reidel, 
Dordrecht. 
Fitzpatrick, R. W., J.W. Cox, E. Fritsch and 1.0. Hollingsworth (1994). A soil-
diagnostic key to manage saline and waterlogged catchments in the 
Mount Lofty Ranges, South Australia. Soil Use and Management, 10: 
145-152. 
Flemming, N.K. and J.W. Cox (1998). Chemical losses off dairy catchments 
located on a texture-contrast soil: carbon, phosphorus, sulfur and other 
chemicals. Australian Journal of Soil Research, 36: 979-975 . . 
Freer, J. and K. Beven (1996). Bayesian estimation of uncertainty in runoff 
prediction and the value of data: An application of the GLUE technique. 
Water Resources Management, 32: 2161-2173. 
Freer, J., J.J. McDonnell, K.J. Beven, N.E. Peters, D.A. Burns, R.P. Hooper, B. 
Aulenbach, and C. Kendall (2002). The role of bedrock topography, on 
subsurface storm flow. Water Resources Research, 38: 1269-1285. 
Freeze, R.A. (1972a). Role of subsurface flow in generating surface runoff:1. 
-- Base flow contributions to channel flow. Water Resources Management, 
274 
References 
8: 609-623. 
Freeze, R.A. (1972b ). Role of subsurface flow in generating surface runoff. 2. 
Upstream source areas. Water Resources Research, 8: 1272-1283. 
Freeze, R. and J.A. Cherry (1979). Groundwater resource evaluation. 
Groundwater. Prentice Hall, Englewood Cliffs, 303-334. 
Fritsch, E. and. R. W. Fitzpatrick (1994 ). Interpretation of soil features produced 
by ancient and modern processes in degraded landscapes: I. A new 
method for constructing conceptual soil-water-landscape models. 
Australian Journal of Soil Research, 32: 889-907. 
Gallant, J.C. and T.I. Dowling (2003). A multiresolution index of valley bottom 
flatness for mapping depositional areas. Water Resources Management, 
39: 1347, doi:10.1029/2002WR001426. 
Gardner, W. (1965). Water content. In Methods of soil analysis; (ed) C.A. Black 
et al., American Society of Agronomy, USA; 82-127. 
Geeves, G.W., H.P. Cresswell, B.W. Murphy and C. Chartres (1994). 
Productivity and sustainability from managing soil structure in cropping 
soils of southern New South Wales and northern Victoria with lighter 
textured surfaces. Special publication 
Geeves G.W., H.P. Cresswell, B.W. Murphy, P.E. Gessler, C.J. Chartres, I.P. 
Little, and G.M. Bowman (1998), The physical, chemical and 
morphological properties of soils in the wheat-belt of southern NSW and 
northern Victoria, NSW dept of conservation and land 
management/CSIRO Australia 
Genereux, D.P., H.F. Hemond and P.J. Mulholland (1993). Spatial and temporal 
variability in streamflow generation on the West Fork of Walker Branch 
Watershed. Journal of Hydrology, 142: 137-166. 
George, R.J. (1990). Reclaiming sandplain seeps by intercepting perched 
groundwater with Eucalypts. Land Degradation and Rehabilitation, 2: 13-
25. 
275 
References 
George, R.J and A.J. Conacher (1993). Mechanisms response for streamflow 
generation on a small, salt affected and deeply weathered hillslope. 
Earth Surface Processes and Landforms, 18: 291-209. 
Grayson, R.B., I.D. Moore and T.A. McMahon (1992). Physically-based 
hydrologic modelling. 2) Is the concept realistic?. Water Resources_ 
Research, 28: 2659-2666. 
Greacen E.L. (ed) (1981 ). Soil water assessment by the neutron method. 
CSIRO, Melbourne, Victoria. 
Greacen, E.L,_ R.L. Correll, R.B. Cunningham, G.G. Johns and K.D. Nicolls 
(1981 ). Calibration. In Soil water assessment by the neutron method, 
Greacen E.L (ed), CSIRO, Melbourne, 50-72. 
Green, T.R., and D.L. Freyberg (1995). State-dependent anisotropy: 
Comparison of quasi-analytical solutions with stochastic results for 
steady gravity drainage. Water Resources Research, 31: 2201-2211. 
Greenwood, E.A.N., L. Klein, J.D. Beresford and G.D. Watson (1985). 
Differences in annual evaporation between grazed pasture and 
Eucalyptus species in plantations on a small saline farm catchment. 
Journal of Hydrology, 78: 261-278. 
Greenwood, E. A., E. F. Biddiscombe, A. L. Rogers, J. D. Beresford, G. D. 
Watson (1994 ). The influence on groundwater levels and salinity of a 
multi-specied tree plantation in the 500mm rainfall region of south-
western Australian. Agricultural Water Management, 25: 185-200. 
Greenwood, E. A., E. F. Biddiscombe, A. L. Rogers, J. D. Beresford, G. D. 
Watson (1995). Growth of species in a tree plantation and its influence 
on a salinity and groundwater in the 400mm rainfall region of south-
western Australia. Agricultural Water Management, 28: 231-243. 
Greenwood, E. A., N. A. Milligan, E. F. Biddiscombe, A. L. Rogers, J. D. 
Beresford, G. D. Watson and K. D. Wright (1992). Hydrologic and salinity 
changes associated with tree plantations in a saline agricultural 
catchment in southwestern Australia. Agricultural Water Management, 
276 
References 
22: 307-323. 
Grelle, A., A. Lundberg, A. Lindroth, A.s. Moren and E. Cienciala (1997). 
Evaporation components of boreal forest: Variations during the growing 
season, Journal of hydrology, 197: 70-87. 
Hammermeister, D.P., G.F. Kling and J.A. Vomocil (1982). Perched watertable 
on hillsides in Western Oregon: I Some factors affecting their 
development and longevity. Soil Science Society American Journal, 46: 
811-818. 
Harr, R.D. (1977). Water flux in soil and subsoil on a steep forested slope. 
Journal of Hydrology, 33: 37-58. 
Hatton, T. J., G.A. Bartle, R.P. Silberstein, R.B. Salama, G. Hodgson, P.R. 
Ward, P. Lambert and D.R. Williamson (2002). Predicting and controlling 
water logging and groundwater flow in sloping duplex soils in western 
Australia, Agricultural Water Management, 53: 57-81. 
Hatton, T. J. and R. A. Nulsen (1999). Towards achieving functional ecosystem 
mimicry with respect to water cycling in southern Australian agriculture. 
Agroforestry Systems, 45: 203-214. 
Heartlands (2003). Planning for Sustainable Land use and Catchment Health, 
Technical Report No. 1, Heartlands Initiative Publication HL9-03, CSIRO 
with the Murray-Darling Basin Commission, Australia. 
Heartlands Core Group (2001 ). Heartlands five year plan for 2001 - 2005. 
CSIRO Land and Water, Canberra. 
Hebbert, R.B.H. and R.E. Smith (1990). Hillslope parameters estimation using 
the inverse procedure. Journal of Hydrology, 119: 307-334. 
Helvey, J.D. and J.H. Patric (1-965). Canopy and litter interception of rainfall by 
hardwoods of Eastern United States. Water Resources Research, 1: 
193-206, I 
Hillel, D. (1982). Introduction to soil physics. Academic Press Inc. California. 
277 
References 
Heng, L. K., R. E. White, K. R. Helyar, R. Fischer and D. Chen (2001 ). 
Seasonal differences in the soil water balance under perennial and 
annual pastures on an acid Sodosol in southeastern Australia . European 
Journal of Soil Science. 52: 227-236. 
Hodgson, G.A., G.A. Bartle, R.P. Silberstein, T.J. Hatton and B.H. Ward (2002). 
Measuring and monitoring the effects of agroforestry and drain.age in the 
'Ucarro' subcatchment. Agricultural Water Management, 53: 39-56. 
Hollis, U.J.M., and S.M. Woods (1989). The measurement and estimation of 
saturated soil hydraulic conductivity. SSLRC Research Report For MAFF 
Project c(i), Soil Survey and Land Research Council, Sidle. 
Hook, R., M. Flemming and C. Thomas (1998). Understanding models. In 
Farming Action Catchment Reaction, (eds) J. Williams, R. Hook and H. 
Gascoigne, CSIRO, Victoria. 
Hornberger, G.M., and R.C. Spear (1981 ). An approach of the preliminary 
analysis of environmental system. Journal of Environmental 
Management, 12: 7-18. 
Horton, R.E (1931 ). The role of infiltration in the hydrologic cycle. Transactions 
of the American Geophysical Union, 14: 446-460. 
Hudson, N.W. (1981 ). Soil conse,vation. Batsford 
Huff, D.D., R.V. O'Neil, W.R. Emanuel, J.W. Elwood, and J.D. Newbold (1982). 
Flow variability and hillslope hydrology. Earth Surface Processes and 
Landforms, 7: 91-94. 
Hurley, D.G. and G. Pantelis (1985). Unsaturated and saturated flow through a 
thin porous layer on a hillslope. Water Resources Research, 21: 821-
824. 
Hutchinson, D.G. and R.D Moore (2000). Throughflow variability on a forested 
hillslope underlain by compacted glacial till. Hydrological Processes, 14: 
1751-1766. 
Hutka, J. (1994 ). Sedigraph 5100 Particle size system. A brief description and 
· 278 
References 
its use in soil particle size analysis work. Technical Report 9/1994, 
CSIRO, Division of Soils. 
Isbell, R.F. (2002). The Australian soil classification. CSIRO Publishing; 
Melbourne. 
· Jackson, C.R. (1992). Hillslope infiltration and lateral downslope unsaturated 
flow. Water Resources Research, 28: 2533-2539. 
Jakeman, A.J. and G.M Hornberger (1993). How much complexity is warranted 
in ·a rainfall-runoff model?. Water Resources Research, 29: 2637-2649. 
Jakeman, A.J., D.A. Post and M.B. Beck (1994). From data and theory to 
environmental model: the case of rainfall runoff. Environmentrics, 5: 297-
314. 
Johnston, C.D. (1987a). Distribution of environmental chloride in relation to 
subsurface hydrology. Journal of Hydrology, 94: 67-88. 
Johnston, C.D. (1987b). Preferred water flow and localised recharge in a 
variable regolith. Journalof Hydrology, 94: 129-142. 
Jolly, I.D., D.R Williamson, M. Gilfedder, G.R. Walker, R. Morton, G. Robinson, 
H. Jones, L. Zhang, T.I. Dowling, P. Dyce, R.J. Nathan, N. Nankumar, R. 
Clarke and V. McNeil (2001 ). Historical stream salinity trends and 
catchment salt balances in the Murray-Darling Basin, Australia. Marine 
Freshwater Research, 52:-53-63. 
Jury, W.A., G. Sposito and R.E. White (1986). A transport function model of 
solute transport through soil. 1. Fundamental concepts. Water Resources 
Research, 22: 243-247. · 
Keig, G. and J.R. McAlpine (1974)~ WATBAL -A computer system for the 
estimation and analysis of soil moisture regimes from simple climatic 
data. 2nd Edition. CSIRO Division of Land Use Research, Technical 
Memorandum No. 74/4. 
Khan, F. A. and T. E. Fenton (1994 ). Saturated zones and soil morphology in a 
Mollisol catena of Central Iowa. Soil Science Society of America Journal, 
279 
References 
58: 1457-1464. 
Kim, S. and W. Delluer (1997). Sensitivity analysis of extended TOPMODEL for 
- ... . 
agricultural watersheds equipped with tile drains. Hydrological 
Processes, 11: 1243-1261. 
Kirkby, M.J. (1978). Hills/ope Hydrology, Wiley-lnterscience Publication, 
Chichester. 
Lauren, J.G., R.J. Wagenet, J. Bouma, and J.H.M. Wosten (1988). Variability of 
· saturated hydraulic conductivity in a Glossaquic Hapludalf with 
macropores. Soil Science, 145: 20-28. 
Lavee, H., M. Wieder and S. Pariente (1989). Pedogenic indicators of 
subsurface flow on Judean desert hillslopes. Earth Processes and 
Landforms, 14: 545-555. 
Leaney, F.W., K.R.J. Smettem, D.J. Chittleborough (1993). Estimating the 
contribution of preferential flow to subsurface runoff from a hillslope using 
deuterium and chloride. Journal of Hydrology, 147: 83-103. 
Lee, D.M., W.D. Reynolds, D.E. Elrick and B.E. Clothier (1985). A comparison 
of three field methods for measuring saturated hydraulic conductivity. 
Canadian Journal of Soil Science, 65: 563-573. 
Lefroy, E. C. and R. J. Stirzaker (1999). Agroforestry for water management in 
the cropping zone of southern Australia. Agroforestry Systems, 45: 277-
309. 
Lehman, O.R. and L.R. Ahuja (1985). lnterflow of water and tracer chemicals on . 
sloping field plots with exposed seepage faces. Journal of Hydrology, 76: 
307-317. 
Loague, K.M. and R.A. Freeze (1985). A comparison of rainfall-runoff modelling 
techniques on small upland catchments. Water Resources Research, 21: 
229-248. 
Loveday, J., H.J. Beatty and J.M. Norris (1972). Comparison of current 
chemical methods for evaluating irrigation soils, CSIRO, Melbourne, 
280 
References 
Division of Soil Technical Paper, No 14. 
Mackenzie, D.H. (2002). Field measurement of saturated hydraulic conductivity 
using the well permeameter. In Soil Physical Measurement and 
Interpretation for Land Evaluation, (eds) N. McKenzie, K. Coughlan and 
H. Cresswell, CSIRO, Collingwood Victoria, 131-149. 
Maidment, D.R. (1993), Hydrology, in Handbook of Hydrology, (ed) D.R. 
Maidment, New York: McGraw-Hill, 1.1-1.15. 
Marcar, N., R. Benyon and B. Myers (2002). Species selection and the 
management of farm forestry plantings. In Trees, water and salt, An 
Australian guide to using trees for healthy catchments and productive 
farming systems, (eds) R. Stirzaker, R. Vertessy and A. Sarre, Joint 
Venture Agroforestry Program, Canberra, 112-134. 
Marshall, T.J., J.W. Holmes and C.W. Rose (1996). Soil Physics, 3rd Edition, 
Cambridge University Press, New York. 
McCord, J.T. and D.B. Stephens (1987). Lateral moisture flow beneath a sandy 
hillslope without an apparent impeding layer. Hydrological Processes, 1: 
225-238. 
McDonald, R.C., R.F. Isbell, J.G. Speight, J. Walker and M.S. Hopkins (1990), 
Australian soil and land survey: Field handbook. CSIRO Australia, 
Canberra: 
McDonnell, J. (2003) The old water paradox: A grand challenge for catchment 
hydrology. Retrieved April 1, 2003, from Professor Jeff McDonnell's 
Hillslope and Watershed Hydrology Lab, Website: 
http://www. cof .orst.edu/cof /fe/watershd/pu bs/presentations. htm. 
McDowall, M.M., D.J.M. Hall, D.A. Johnson, J. Bowyer and P. Spicer (2003). 
Kikuyu and annual pasture: A characterization of a productive and 
sustainable beef production system on the south coast of Western 
Australia. Australian Journal of Experimental Agriculture, 43: 769-783. 
McIntyre, D.S. (197 4 ). Soil sampling techniques for physical measurements. In 
Methods for analysis of irrigated soils, (ed) J. Loveday, Commonwealth 
281 
References 
Bureau of Soil Technical Communication No. 54, Commonwealth 
Agricultural Bureau, Farnham Royal. 
McIntyre, D.S. and K.J. Barrow (1972). An improve method for taking small soil 
core samples in wet soils. Soil Science, 114: 239-241. 
McIntyre, D.S. and J. Loveday (1974a). Hydraulic conductivity. In Methods for 
. analysis of irrigated soils, (ed) J. Loveday, Commonwealth Bureau of Soil 
Technical Communication No. 54, Commonwealth Agricultural Bureau, 
Farnham Royal, 78-87. 
McIntyre, D.S. and J. Loveday (1974b). Water retention and the moisture 
characteristic. In Methods for analysis of irrigated soils, (ed) J. Loveday, 
Commonwealth Bureau of Soil Technical Communication No. 54, 
Commonwealth Agricultural Bureau, Farnham Royal, 43-62. 
McIntyre, D.S. and J. Loveday (1974c). Bulk density. In Methods for analysis of 
irrigated soils, (ed) J. Loveday, Commonwealth Agricultural Bureau, 
Farnham Royal, Commonwealth Bureau of Soil Technical 
Communication No. 54, 38-42. 
McJannet, D.L. (2000). Measurement and modelling of growth and hydrologic 
performance of plantations on hill-slopes. Thesis for PhD award, Monash 
University, Melbourne. 
McJannet, D~ L., R. A. Vertessy and C. A. Clifton (2000). Observations of 
evapotranspiration in a break-of-slope plantation susceptible to periodic . 
drought stress. Tree Physiology, 20: 169-177. 
McJannet, D. and R. Vertessy (2001 ). Effects of thinning on wood production, 
leaf area index, transpiration and canopy interception of a plantation 
subject to drought. Tree Physiology, 21: 1001-1008. 
McKenzie, N.J. and H.P. Cresswell (2002a). Field sampling. In Soil Physical 
Measurement and Interpretation for Land Evaluation, (eds) N. McKenzie, 
K. Coughlan and H. Cresswell, CSIRO, Collingwood, Victoria, 11-34. 
McKenzie, N.J. and H.P. Cresswell (2002b). Estimating soil properties using 
more readily available data. In Soil Physical Measurement and 
282 
References 
Interpretation for Land Evaluation, (eds) N. McKenzie, K. Coughlan and 
H. Cresswell, CSIRO, Collingwood, Victoria, 292-316. 
McKenzie, N.J., T.W. Green and D.W. Jacquier (2002). Laboratory 
measurement of hydraulic conductivity. In Soil Physical Measurement 
and Interpretation for Land Evaluation, (eds) N. McKenzie, K. Coughlan 
and H. Cresswell, CSIRO, Collingwood, Victoria, 150-162. 
McKenzie, N.J. and D.W. Jacquier (1996). Procedures for field sampling and 
laboratory measurement of saturated and unsaturated hydraulic 
conductivity on large cores. CSIRO Division of Soils Divisional Report 
No. 125. CSIRO Division of Soils, Glen Osmond. 
McKenzie, N.J. and D.W. Jacquier (1997). Improving the field estimation of 
saturated hydraulic conductivity in soil survey. Australian Journal of Soil 
Research, 35: 803-825. 
McKenzie, N.J., K.R.J. Smettem and A.J. Ringrose-Voase (1991). Evaluation of 
methods for inferring air and water properties of soils from field 
morphology. Australia Journal of Soil Research, 29: 587-602. 
Michiels, P., R. Hartmann and E. DeStrooper (1989). Subsurface water flow on 
' 
a slope in the loamy region of Belgium. Earth Surface Processes and 
Landforms, 14: 533-543. 
Molz, F.J (2003). Property measurements and model-based predictions in 
subsurface hydrology. Hydrological Processes, 17: 2317-2318. 
Monteith, J.L (1963). Gas exchange in plant communities. In Environmental 
control of plant growth, (ed) L.T. Evans, Academic Press, New York, 95-
112. 
Morgan, R.P.C. (1986). Soil erosion and conservation. (ed) D.A. Davidson, 
Longman scientific and technical, New York, 238-239. 
Mosely, P. (1979). Streamflow generation in a forested watershed, New 
Zealand. Water Resources Research, 15: 795-806. 
Mosley, M.P. (1982). Subsurface flow velocities through selected forest soil, 
283 
-, 
References 
South Island, New Zealand. Journal of Hydrology, 55: 65-92. 
Munsell Colour Company (1975). Munsell soil colour charts. Munsell colour, 
Macbeth Division of Kollmorgen Corporation, Maryland, USA. 
Nurphy, S.R., G.M. Lodge and S. Harden (2004). Surface soil water dynamics 
in pastures in northern New South Wales. 3. Evapotranspiration. 
Australian Journal of Experimental Agriculture, 44: 571-583. 
Musters, P.A.D. and W. Bouten (1999). Assessing rooting depths of an Austrian 
pine stand by inverse modelling soil water content maps. Water 
Resources Research, 35: 3041-3048. 
National Land and Water Audit (2001 ). Australian dryland salinity assessment 
2000: Extent, impacts processes, monitoring and-management options. 
Land and Water Australia, Canberra. 
Northcote, K.H. and J.K.M. Skene. (1972). Australian soils with saline and sodic 
properties. CSIRO Soil Publication No. 27, CSIRO, Canberra. · 
Novak, P. ( 1994 ). A study· of soil cover and transport processes in soils of 
waterlogged slopes. Rostlinna Vyroba, 40: 97-104 . 
. O'Loughlin, E.M. (1986). Prediction of surface saturation zones in natural 
catchments by topographic analysis. Water Resources Research, 22: 
794-804. 
Onda, Y., Y. Komatsu, M. Tsujimura and J. Fujihara (2001 ). The role of 
subsurface runoff through bedrock on storm flow generation. 
Hydrological Processes, 15: 1693-1706. 
Paige, G.B and D. Hillel (1993). Comparison of three methods for assessing soil 
hydraulic properties. Soil Science, 155: 175-189 
. Parlange, M.B., T.S. Steenhuis, D.J. Timlin, F. Stagnitti and R.B. Bryant (1989). 
Subsurface flow above a fragipan horizon. Soil Science, 148: 77-86. 
Paydar, Z., and H.P. Cresswell (1996). Water retention in Australian soils: II. 
Prediction using particle size, bulk density and other properties. 
284 
References 
Australian Journal of Soil Research, 34: 679-693. 
Penman, H.L (1948). Natural evapotranspiration from open water, bare soil, and 
grass. Proceedings of the Royal Society of London Service, A. 193: 120-
145. 
Perez, P., N. Ardlie, P. Kuneepong, C. Dietrich and W.S. Merritt (2002). 
CATCHCROP: modelling crop_ yield and water demand for integrated 
catchment assessment in Northern Thailand. Environmental Modelling 
and Software, 17: 251-259. 
Petheram, C., G. Walker, R. Grayson, T. Thierfelder and L. Zhang (2002). 
Towards a framework for predicting impacts of land-use on recharge: 1. 
A review of recharge studies in Australia. Australian Journal of Soil 
Research, 40: 397-417. 
Philip, J.R (1957). The theory of infiltration: 4 .. Sorptivity and algebraic infiltration 
equations. Soil Science, 84: 257-264. 
Philip, J.R. (1969). Theory of infiltration. Advances in Hydroscience, 5: 215-290. 
Pierrehumbert, C.L. (1977). Rainfall intensity-frequency duration estimation, In 
Australian Rainfall and Runoff: Flood design and analysis. ( ed) Pattison 
et al., The Institution of Engineers, Canberra, 2-57. 
Pitman, A., J.W. Cox and W.D. Bellotti (1998). Water usage and dry matter 
production of perennials down a duplex toposequence. Proceedings of 
the 9th Australian Agronomy Conference, Wagga Wagga, NSW. 
Prebble, R.E., J.A. Forrest, J.L. Honeysett, M.W. Hughes, D.S. McIntyre and G. 
Schrale (1981 ). Field installation and maintenance. In Soil water 
assessment by the neutron method, (ed) E.L. Greacen; CSIRO, 
Melbourne Victoria; 50-72. 
Priestley, C.H.B. and R.J. Taylor (1972). On assessment of surface heat flux 
and evaporation using large-scale parameters. Monthly Weather Review, 
2: 81-92. 
Prinsley, R.T (1991 ). Australian agroforestry: Setting the scene for the future. 
285 
References 
RIRDC. Canberra. 
Queensland Department of Natural Resources (2003). SILO Patched Point 
Dataset, retrieved October 2003, http://www.dnr.qld.gov.au/silo . 
Raison, R.J. and P.K. Khanna (1982). Modification of rainwater chemistry by 
tree canopy and litter layers. In Prediction in water quality, (eds) E.M. 
O'Loughlin and P. Cullen, Australian Academy of Science, Canberra, 69-
86. 
Rayment, G.E. and F.R. Higginson (1992). Ion-exchange properties. In 
Australian laboratory handbook of soil and water chemical methods, 
lnkata Press, Melbourne, 137-1,94. 
Ricchetti, M. and S. Bailey (1990). Design, construction and calibration of runoff 
installations at Cardigan. CSIRO Division of Soil Technical 
Mem,orandum, Nlo. 16, CSl1RO', Canberra. 
Rile.hards, L.A. (1,931). Capi'liliary conduction of liquiiids in porous mediums. 
Physics,. 1,: 318-333 .. 
Ri:tsem1a, C . .J., K .  Q,ostindl te and J. Stolle (11 996,). Evaluation of vertical: and 
lateral flow throug1h a9ricultural loesslali hilllsl.opes usinQ' a two-
diimensional, computer sim1ulat.ion modell. Hydrological Processes, 10: 
10911 -11 05,. 
Rosenberg, N.J.1 B.L .. Blad and S.B. Verm,a (1983). Evaporation and 
evapotranspiirati1on. 11n Microclimate: The bfofogical environment, W iley 
and Sons, New York,, 209-287 .. 
Sanford, P.t X . Wang1,, K.D. G;reathead , J'.H. Gil:adman and J. Speijer s (2003). 
l1mpact of Tasm1aniian bllue gum, belts and: kikuyu-based pasture on sheep 
prodlucUon and groundwater recharge iin south-west ern Western 
Australli1a. Australlan Journal of Expe,rimen taf Agriculture, 43,: 755,-767. 
Schofield, N .. J . (1 992). Tree planting for drytand salini1ty control rn Australia. 
Agiroforestry Systems,. 38: 1-23. 
Scotter, D .. R .. ,, B .. E. C~othi:er and M.A. Turner (1979). Soil-water balance i, n a 
286, 
--
References 
Fragiaqualf and its effect on pasture growth in central New Zealand. 
Australian Journal of Soil Research, 17: 455-465, 1979. 
Seelig, B. D. and. R. L. Richardson. (1994 ). Sodic soil toposequence related to 
focused water flow. Soil Science Society of America Journal, 58: 156-
213. 
Seibert, J. and J.J. McDonnell (2002). On the dialog between experimentalist 
and modeller in catchment hydrology: Use of soft data for multicriteria 
model calibration. Water Resources Research, 38: 1241-1255. 
Sharma, M.L., R.J.W. Barron and M.S. Fernie (1987). Areal distribution of 
infiltration parameters and some soil physical properties in lateritic 
catchments. Journal of Hydrology, 94: 109-127. 
Sidle, R.C., S. Noguchi, Y. Tsuboyama and K. Laursen (2001 ). A conceptual 
model of preferential flow systems in forested hillslope: evidence of self 
organization. Hydrological Processes, 15: 1675-1692. 
Sidle, R.C., Y. Tsuboyama, S. Noguchi, I. Hosoda, M. Fujieda and T Shimizu 
(1995). Seasonal hydrologic response at various spatial scales in a small 
forested catchment, Hitcha Ohta, Japan. Journal of Hydrology, 168: 227-
250. 
Silberstein, R.P., R.A. Vertessy and T.J. Hatton (2001 ). A simple method for 
hillslope agroforestry design. Proceedings from MODSIM Conference, 
Canberra, December 2001, 1883-1888. 
Silberstein, R. P., G. A. Bartle, R. B. Salama, T. J Hatton, P. Reggiani, G. 
Hodgson, D. R. Williamson and P Lambert (2002a). Mechanisms and 
control of waterlogging and groundwater flow in the 'Ucarro' 
subcatchment. Agricultural Water Management, 53: 227-257. 
Silberstein, R., R. Vertessy, D. McJannet, and T. Hatton (2002b ). Tree belts on 
hillslopes. In Trees, water and salt, An Australian guide to using trees for 
healthy catchments and productive farming systems, (eds) R. Stirzaker, 
R. Vertessy and A. Sarre, Joint Venture Agroforestry Program, Canberra, 
57-76. 
287 
References 
Simonson, G. H. and L. Boersma (1972). Soil morphology and watertable 
relations: 11. Correlation between annual watertable fluctuations and 
profile features. Soil Science Society American Proceeding, 36: 649-653. 
Sinai, G., D. Zaslavsky and P. Golany (1981 ). The effect of soil surface 
curvature on moisture and yield- Beer Sheba observation. Soil Science, 
132: 367-375. 
Sivapalan, M., R.A. Woods and J.D. Kalma (1997). Variable bucket 
representation of TOPMODEL and investigation of the effects of rainfall 
heterogeneity. Hydrological Processes, 11: 1307-1330. 
Smettem, K.R.J. (1984 ). Soil-water residence time and solute uptake: 3. Mass 
transfer under simulated winter rainfall conditions in undisturbed soil 
cores. Journal of Hydrology, 67: 235-248. 
Smettem, K.J.R., D.J. Chittleborough, B.G. Richards and F.W. Leaney (1991). 
The influence of macropores on runoff generation from a hillslope soil 
with a contrasting textural class. Journal of Hydrology, 122: 235-252. 
Smettem, K.J.R. and P.J. Gregory (1996). The relation between soil water 
retention and particle size distribution parameters for some 
predominantly sandy Western Australian soils. Australian Journal of Soil 
Research, 34: 695-708. 
Smettem, K.J.R., Y.M. Oliver, L.K. Heng, K.L. Bristow, and E.J. Ford (1999). 
Obtaining soil hydraulic properties for water balance and leaching 
models from survey data: 1. Water retention. Australian Journal for 
agricultural Research, 50: 283-289. 
Smith, R.E. and R.H.B Hebbert (1983). Mathematical simulation of 
interdependent surface and subsurface hydrologic processes. Water 
Resources Research, 19: 987-1001. 
Soil Conservation Service (1972). Hydrology, in National Engineering 
Handbook, Hydrology, U.S. Dept. of Agriculture, Washington, D.C .. 
Stace, H. C. T., G.D. Hubble, R. Brewer, K.H. Northcote, J.R. Sleeman, M.J. 
Mulcahy, and E.G. Hallsworth (1968). A Handbook of Australian Soils. 
288 
References 
Rellim, Adelaide. 
Stirzaker, R. J., F. J. Cook and J. H. Knight (1999). Where to plant tree on 
cropping land for control of dryland salinity: some approximate solutions. 
Agricultural Water Management, 39: 115-133. 
Stirzaker, R. (2002). Planting trees over shallow, saline watertables. In Trees, 
water and salt. An Australian guide to using trees for healthy catchments 
and productive farming systems. (eds) Stirzaker, R., R. Vertessy and A. 
Sarre, Joint Venture Agroforestry Program, Canberra. 93-109. 
Stirzaker, R., R. Vertessy and A. Sarre (2002b). Trees, water and salt. An 
Australian guide to using trees for healthy catchments and productive 
farming systems. Joint Venture Agroforestry Program, Canberra. 
Stirzaker, R. T. Ellis and T. Lefroy (2002c). Mixing tree belt with agriculture. In 
Trees, water and salt. An Australian guide to using trees for healthy 
catchments and productive farming systems. (eds) Stirzaker, R., R. 
Vertessy and A. Sarre, Joint Venture Agroforestry Program, Canberra. 
77-92. 
Sumner, M.E. (1995). Sadie soils: New perspectives. In Australian sodic soils: 
Distribution, properties and management, (eds) R. Naidu, M.E. Sumner 
and P. Rengasamy, CSIRO, Melbourne, 1-34. 
Ticehurst, J.L., H.P. Cresswell and A.J. Jakeman (2003). Using a physically-
based model to conduct sensitivity analysis of subsurface lateral flow in 
south-east Australia, Environmental Modelling and Software, 18: 729-
740. 
Thomas, G.W. and R.E. Phillips (1979). Consequences of water movement in 
macropores. Journal of Environmental Quality, 8: 149-152 
Trudgill, S.T., A.M. Pickles, K.J.R. Smettem and R.W. Crabtree (1983). Soil 
water residence time and solute uptake: 1. Dye tracing and rainfall 
events. Journal of Hydrology, 60: 257-279. 
Tucker, B.M, and H.J. Beatty (197 4 ). pH, conductivity and chlorides. In Methods 
for analysis of irrigated soils, (ed) J. Loveday, Commonwealth Bureau of 
289 
References 
Soil Technical Communication No. 54, Commonwealth Agricultural 
Bureau, Farnham Royal, 100-107. 
Turner, J.V., D.K. Mac Pherson and R.A. Stokes (1987). The mechanisms of 
catchment flow processes using natural variation in deuterium. Journal of 
Hydrology, 94: 143-162. 
Upper Billabong Creek Land and Water Management Plan Working Group 
(1999). Our plan - Our future discussion paper, Holbrook Landcare with 
Natural Heritage Trust. 
Varcoe, J.C.R., D.J. Chittleborough and J.W. Cox (1999). Measurement and 
treatment of phosphorus and carbon subsoil movement. CSIRO Land 
and Water Technical Report, 38/99, CSIRO, Adelaide. 
Vardavas, I.L. (1987). Modelling the seasonal variation of net all-wave radiation 
flux and evaporation in a tropical wet-dry region. Ecological Modelling, 
39: 24 7-268. 
Veneman, P. L. M., M.J. Vepraskas and J. Bouma (1976). The physical 
significance of soil mottling in a Wisconsin toposequence. Geoderma, 15: 
103-118. 
Vepraskas, M.J. (1992). Redoximorphic features for identifying aquic conditions. 
North Carolina Agricultural Research Service, Technical Bulletin 301, 
December 1992. 
Vepraskas, M. J. and J. Bouma (1976). Model experiments on mottle formation 
simulating field conditions, Geoderina, 15: 217-230. 
Vertessy, R.A., T.J. Hatton, P.J. O'Shaughnessy and M.D.A. Jayasuriya (1993). 
Predicting water yield from a mountain ash forest catchment using a 
terrain analysis based catchment model. Journal of Hydrology, 150: 665-
700. 
Walker, P.H. and B.E. Butler (1983). Fluvial processes. In Soils: An Australian 
viewpoint. Sponsored by Division of Soils: CSIRO, CSIRO, Melbourne. 
83-90. 
290 
References 
Walker, P.H., C.J. Chartres and J. Hutka (1988). The effect of Aeolian 
accessions on soil development on granitic rocks in south-eastern 
Australia. I. Soil morphology and particle-size distributions. Australian 
Journal of Soil Research, 26: 1-16. 
Wallach, R. and D. Zaslavsky (1991 ). Lateral flow in a layered profile of an 
infinite uniform slope. Water Resources Research, 27: 1809-1818. 
Ward, P. R., F. X. Dunin and S. F. Micin (2001 ). Water balance of annual and 
perennial pastures on a duplex soil in a Mediterranean environment. 
Australian Journal of Agricultural Research, 52: 203-209. 
Ward, P. R., F. X. Dunin and S; F. Micin (2002). Water use and root growth by 
annual and perennial pastures and subsequent crops in phase rotation. 
Agricultural Water Management, 53: 83-97. 
Warrick, A.W. and D.R. Nielson (1980). Spatial variability of soil physical 
properties in the field. In Applications of Soil Physics, (eds) D. Hillel, 
Academic Press New York, 319-344. 
Watson, K.W. and R.J. Luxmoore (1986). Estimating macroporosity in a forest 
watershed by use of a tension infiltrometer. Soil Science Society of 
America Journal, 50: 578-582. 
Western, A.W., R.B. Grayson and T.R. Green (1999). The Tarrawarra project: 
high resolution spatial measurement, modelling and analysis <?! soil 
moisture and hydrological response. Hydrological Processes, 13: 633-
652. 
Weyman, D.R. (1973). Measurement of downslope flow of water in a soil. . 
Journal of Hydrology, 20: 267-288. 
Whipkey, R.Z. and M.J. Kirkby (1978). Flow within the soil. In Hills/ope 
Hydrology, (Ed) M .J. Kirkby, John Wiley and Sons, Chichester, 121-144. 
White, D.A., F.X. Dunin, N.C. Turner, B.H. Ward and J.H. Galbraith (2002). 
Water use by contour-planted belts of trees comprised of four Eucalyptus 
species. Agricultural Water Management, 53: 133.;.152. 
291 
References 
White, R.E., B.P. Christy, A.M. Ridley, A.E. Okom, S.R. Murphy, W.H. 
Johnston, D.L. Michalk, P. Sandford, M.R. Mc Gaskill, I.R. Johnson, D.L. 
Garden, D.J.M. Hall and M.H. Andrew (2003). SGS Water Theme: 
influence of soil, pasture type and management on water use in grazing 
systems across the high rainfall zone of southern Australia. Australian 
Journal of Experimental Agriculture, 43: 907-926. 
White, R.E., K.R. Helyar, A.M. Ridley, D. Chen, L.K. Heng, J. Evans, R. Fisher, 
J.R. Hirth, P.M. Mele, G.R. Morrison, H.P. Cresswell, Z. Paydar, F.X. 
Dunin, H. Dove and R.J. Simpson (2000). Soil factors affecting the 
sustainability and productivity of perennial and annual pastures in the 
high rainfall zone of south-eastern Australia. Australian Journal of 
Experimental Agriculture, 40: 267-283. 
Willatt, S.T., and D.M. Pullar (1983). Changes in soil physical properties under 
grazed pastures. Australian Journal of Soil Research, 22: 343-348_. 
Williams, J. and M. Bonell (1988). The influence of scale of measure on the 
spatial and temporal variability of the Philip infiltration parameters: An 
experimental study in an Australian savannah woodland . Journal of 
Hydrology, 104: 33-51. 
Williams, J., P.J. Ross and K.L. Bristow (1992). Prediction of the Campbell 
water retention function from texture, structure and organic matter. In 
Proceedings of an internationsl workshop on indirect methods for 
estimating the hydraulic properties of unsaturated soils. (eds) M. Th. Van 
Genuchten, F.J. Leij and L.J. Lund. University of California , 427-442. 
Wilson, J.P. and J.C. Gallant (2000). Terrain analysis: Principles and 
applications, Wiley and Sons Inc, Canada. 
Woods, R. and L. Rowe. (1996). The changing spatial variability of subsurface · 
flow across a hillslope. Journal of Hydrology New Zealand, 35: 51-86. 
Woodward-Clyde (1999). Upper Billabong Creek Catchment geology, landform, 
soils and land capability. Consultancy report, St Leonards NSW: AGC 
Woodward-Clyde PTY LTD. 
292 
References 
Wysocki, D. A., P.J. Schoenberger and H.E. LaGarry (2000). Geomorphology of 
soil landscapes. In Handbook of Soil Science, (ed) M.E. Sumner, Florida, 
CRC Press, E1: E5-E39. 
Ye, W., B.C Bates, N.R. Viney, M. Sivapalan and A.J. Jakeman (1997). 
Performance of conceptual rainfall-runoff models in low-yielding 
ephemeral catchments. Water Resources Research, 33: 153-166. 
Zaslavsky, D. and A.S. Rogowski (1969). Hydrologic and morphologic 
implications of anisotropy and infiltration in soil profile development. Soil 
Science Society American Proceedings, 33: 594-599. 
Zhang, L., W.R. Dawes and G.R. Walker (1999). Predicting the effect of 
vegetation changes on catchment average water balance. Cooperative 
Research for Catchment Hydrology Technical Report No. 99/12. 
Zhang, L., W.R. Dawes and G.R. Walker (2001 ). Response of mean annual 
evapotranspiration to vegetation changes at catchment scale. Water 
Resources Research, 37: 701-708. 
293 
Appendix 
Appendix 
Appendix A Calibration of the tipping bucket 
The method used to calibrate the tipping bucket is given in Section 3.5.3.2. The 
total number of pulses from the pig my flow meter (flow pulse), is converted to a 
number pulses per second z. Three predetermined calibration equations exist to 
convert the z to a velocity Vin m/s. These are 
If z < 1.9 V = 0.0591z+0.0213 A.1 
If 1.9<z < 8.5 V = 0.0559z+0.0275 A.2 
lfz>8.5 , V = 0.0523z+0.0578 A.3 
The flow velocity V and total time T for 10 tips of the bucket and the cross-
sectionai area A of the pipe supplying the water (0.00196m2) was used to · 
determine the average flow rate F in L/s (Equation A.4 ). The factor of 1000 was 
required to convert cubic metres to litres. 
F = VxTxAx1000 
T A.4 
The reciprocal of the flow rate ( 1/F) and the time/tip were plotted to determine 
the bucket volume and the extra volume added while the bucket was tipping. 
The results are given in Table A.1 and Figure A.1. 
Table A.1 Details of the calibration of the tipping bucket measuring the subsurface 
lateral flow 
Flow pulse Time (s) Number of tips Time/tip 1/flow rate 
199 286.99 10 28.699 8.177 
244 204.11 10 20.411 5.539 
270 119.67 10 11.967 3.315 
288 71.30 10 7.13 2.011 
313 42.51 10 4.251 1.160 
300 38.34 10 3.834 1.095 
310 36.19 10 3.619 1.007 
300 31.02 10 3.102 0.904 
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Figure A.1 Relationship between the time per tip of bucket and the reciprocal of the flow 
rate. 
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Appendix B Calculations for trough and flume design 
This appendix provides the calculations used to determine the trough and flume 
sizes required, described briefly in Section 3.5.4. 
B.1 Calculation of peak travel time 
The peak travel time is required to determine the expected rainfall intensity for 
an event of that duration, as explained in Section 3.5.4.1.A. The field site was 
divided into two segments, the steep rocky upper slope and the flatter pasture 
below the break-of-slope. The area, gradient and length of the two sections 
were estimated from the DEM. The relationship between velocity and gradient, 
· plotted in Figure 8.1, was adapted from data in Table 5.7.1 of Chow et al. 
(1988), and then fitted with the best-fit curve. The log curve was used to 
estimate the velocity of the desired gradients. 
Table 8.1 In ut values for the travel time calculation 
Uppers/ope lower slope 
(rocky) (pasture) 
area (ha) 1.1 1.13 
gradient(%) 45 16 
length (m) 250 197 
velocity (m/s) 1.85 1.43 
1.4 
1.2 
-(/) 1 
-E 
-~ 0.8 
0 
.Q 
Q) 
> 0.6 
~ 
0 
. § 0.4 
~ 
runoff velocity= 0.4043In(gradient) + 0.3087 0.2 R2 = 0.9916 
0 
0 5 10 15 
Gradient(%) 
Figure 8.1 Relationship between runoff velocity and gradient {Adapted from Table 5.7.1 
in Chow et al. (1988)). 
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Using Equation 3.14 from Chapter 3: 
t = 250 + 197 
1.85 1.43 
t = 272.99secs , or t = 4.55mins 
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8.2 Calculating the rainfall intensity for events of different recurrence · 
periods. 
The rainfall intensity is required for Equation 3.13, Section 3.5.4.1. The method 
to find the rainfall intensity for 6 minute events with a 30, 20 and 10-year 
recurrence interval at Holbrook using Pierrehumbert (1977) is described here. 
For rainfall events from 6 to 60 minutes long, Equation B.1 applies. 
rm== kmr6o B.1 
where rm is the rainfall intensity in an event m minutes long, Km is a variable 
dependent on the duration of the event found using Equation B.2, and r60 is the 
rainfall intensity for a 60 minute event. 
km=0.309+ 49·586 
m+11.767 
So for a 6 minute event m = 6, and 
km~0.309+ 49·586 
6+11.767 
km=3.10 
To find r60 Equation B.3 is used. Here the rainfall intensity Rt for events of · 
duration t, where t is between 1 and 12 hours, is given in mm/hr. 
Rt= CtR12 
B.2 
B.3 
Ct is a regional variable dependent on the rainfall duration, and is found using, 
Ct= A(( 1 ·798 J-0.143] t + 0.576 B.4 
A is a regional variable. In Figure 2.17 in Pierrehumbert (1977), Holbrook is in 
Area B so A was defined as 3.78 (Pierrehumbert, 1977). 
For a 1 hour (60 minute) event (Equation B.4 continued) 
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Ct= 3.78(( 1 ·798 l _ o_ 143 l . 
1 + 0.576) ) Ct=3.77 
R12 is the rainfall intensity for a 12 hour event. Reading from Figure 2.1 8 in 
Pierrehumbert (1977) the rainfall intensity for a 12 hour event with a 2 year 
recurrence period is 4.05 mm/hr, and from Figure 2.19 in Pierrehumbert (1977), 
the rainfall intensity for a 12 hour rainfall event with a 50 year recurrence 
interval is 7 .0 mm/hr. These values were plotted on the specially scaled axis 
given in Figure 2.46 in Pierrehumbert (1977). The plot was used to estimate the 
rainfall intensity for a 12 hour event with 2 to 100 year recurrence intervals. The 
resultant values are given in Table 8.2. 
Table B.2 The .rainfall intensity for a 12 hr rainfall event at Holbrook, with different 
recurrence intervals, based on Fi ures 2.18, 2.19, and 2.36 Pierrehumbert, 1977). 
Recurrence Interval Rainfall Intensity 
(years) (mm/hr) 
30 6.6 
20 
10 
6.2 
5.4 
Now Equation 8.3 can be solved using Rt . CtR12. 
t = 1 hr, Ct= 3. 77 (Equation 8.3) 
For a 30 year recurrence interval 
R12 = 6.6 mm/hr (Table 8.2) 
Rt= 3.77 x 6.6 
Rt = 24.89 mm/hr 
For a 20 year recurrence interval 
R12 = 6.2 mm/hr (Table 8.2) 
Rt= 3.77 x 6.2 
Rt = 23.39 mm/hr 
For a 10 year recurrence interval 
R12 = 5.4 mm/hr (Table 8.2) 
Rt= 3.77 x 5.4 
Rt= 20.37 mm/hr 
Then Equation 8.1 was used to determine the rainfall intensity for a 6 minute 
event with a 30, 20 and 10-year recurrence interval: 
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rm= kmr6o 
m= 6 minutes 
km= 3.10 (from Equation B.2) 
For a 30 year recurrence interval: 
r50 = 24.89 (from Equation B.3) 
rm= 3.100 X 24.89 
rm= 77.2mm/hr 
For a 20 year recurrence interval: 
r50 = 23.39 (from Equation B.3) 
rm= 3.100 X 23.39 
rm= 72.5mm/hr 
For a 10 year recurrence interval: 
r50 = 20.37 (from Equation B.3) 
rm= 3.100 x 20.37 
rm= 63.1 mm/hr 
B.3 Extrapolating the runoff coefficients for the Rational Method of 
calculating peak flow. 
The runoff coefficient value( s) is required for Equation 3.13, Section 3.5.4.1. 
Values for a poor condition pasture and fair condition pasture, with gradients 
greater than 7% were taken from Chow et al. (1988:498). These values were 
graphed against each other and a curve of best-fit determined (Figure B.2). The 
poor pasture condition, defined as having less than 50% pasture cover, was 
used to estimate the runoff coefficient for the rocky upslope area of the field 
site, and the fair condition pasture, ground cover 50-70%, was used for the 
grassy lower slopes at the field site. 
The resultant runoff coefficients for a 6 minute event with various recurrence 
intervals are given in Table B.3. 
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Table 8.3 The runoff coefficients for the upslope and lower slope segments of the field 
site Chow et al., 1988 
Recurrence interval (years) Upslope runoff coefficient Lower slope runoff 
coefficient 
0.7 
0.6 
,-._ 
u 
'-' ~ 0.5 
= Q) 
·-c:) 0.4 ~ ~ 
Q) 
0 
u 0.3 
~ 
0 
= 0.2 = ~ 
0.1 
0 
0 
30 0.50 
20 0.49 · 
10 0.46 
--
--
---
.... ~ .. ---~-~--._.--
• poor 
• fair 
0.47 
0.46 
0.43 
- - Log. (fair) {y = 0.0424Ln(x) + 0.3306, R2 = 0.9918} 
--Log. (poor) {y = 0.0403Ln(x) + 0.3644, R2 = 0.9954} 
100 200 300 400 500 · 600 
Rainfall Recurrence Interval 
Figure 8.2 Relationship between rainfall recurrence interval and the runoff coefficient C, for gradients greater than 7% on poor and fair pasture conditions. 
8.4 Trough size calculations. 
Equation 3.15 from Chapter 3, also given here as Equation 8.5, was used to 
determine the diameter in metres, of a circular pipe 0, required to move the 
runoff following a 6 minute rainfall event with a recurrence interval of 30, 20 and 
10 years (Table 8.4 ). 
0 = ((3.21 x Q x n ))318 ls: 8.5 
where Q is the peak flow shown in Table 3.2, n is the Manning roughness 
coefficient (0.015) and So is the trough gradient (m/m) 0.025 (Field Estimation). 
The calculated pipe diameter O was converted to a cross-sectional area, by 
multiplying it by pie tr, so th.e dimensions of an appropriate size rectangular 
trough were determined. 
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Table B.4 Pipe diameter and cross-sectional area required for different recurrence intervals. 
Recurrence 
Interval (Years) 
30 
20 
10 
Flow Q (m3/s) 
0.23 
0.21 
0.17 
Pipe Diameter (m) Trough Area (m2) 
0.371 0.108 
0.358 0.100 
0.332 0.086 
8.5 Maximum flow calculations for various size RBC flumes. 
The maximum flows for various throat widths was calculated using (Bos, 1978) 
8.6 
where Q is the flow (L/s), H1 is the stage height of the water flow (m), bis the 
throat width (m), m is the gradient of the side of the flume (0.5 by design in 
Clemmens et al. (1984 )), L is the throat length, g is acceleration due to gravity 
(9.8m/s2), Cd is a discharge coefficient dependant on H1/L, and Ye is a design 
coefficient based on H1, m and b. 
For these calculations the maximum height for each flume H1 was taken as the 
total vertical height above the stage, which is 1.2b by design (Clemmens et al., 
1984 ), and L is 1.5b by design. Therefore the ratio of H1/L, used to determine 
Cd, is constant. 
H1 = 1.2b =0.8 
L 1.5b 
With H1/L determined, the corresponding value from Figure 7.4 in Bos (1978) Cd 
was a constant of 0.985. 
Table 7.1 in Bos (1978), which shows values of yJH1, given the H1/b and m, 
was used to estimate Ye-
Given H1=1.2b by design, H1/b=1.2. 
The value from Table 7.1 in Bos (1978) for yJH1 is a constant (0.723). 
Therefore given the constants: Cd= 0.985, M = 0.5, g = 9.8 m/s2, and knowing 
that the maximum height H1 =1.2b, Ye= 0.723 x H1, the flow (Qin Us), was 
calculated for various throat widths b, shown in Table 8.5. 
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Table 8.5 An estimate of the maximum flow rates for RBC with various throat widths. 
Throat width (m) Stage Height (m) Ye coefficient Flow Q (Us) 
0.30 0.36 0.26 154.2 
0.35 0.42 0.30 226.7 
0.40 0.48 0.35 316.5 
0.45 0.54 0.39 424.8 
Therefore a throat width of 0.40m was required to be able to measure the peak 
flow from a one in 30 year, 6 minute rainfall event at the field site. 
Appendix C Flume Calibration flow rates. 
The method used to determine the calibration equations for the flumes is given 
in Section 3.4.5.4. 
Table C.1: Flow rates used for field site flume calibrations. 
Flow(m3/hr) Flow (L/s) 
6 1.67 
7 1.94 
8 2.22 
9 2.50 
10 2.78 
11 3.06 
13 3.61 
15 4.94 
20 5.50 
22 6.11 
25 6.94 
30 8.33 
35 9.72 
37 10.28 
· The flow rate and manual readings were used to give a calibration shown in 
Figure C.1 ). 
Calibration equations to convert capacitance Cap to a depth of water D (mm) for 
the large and small flumes, respectively are 
C · D = ap + 13 .414 C.1 0.3528 
C D = ap + 10.182 C.2 0.3551 
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Figure C.1 Calibration equations for the small and large RBC flumes at the field site, 
using the manual height of water above the stage (Stg Ht) at given flow rates. 
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Appendix D Test of effect of NMM reading time and count ratio 
To test whether 16 second neutron counts would give comparatively the same 
value as for 32 second counts a small experiment was undertaken at the 
outside the CSIRO laboratory, Canberra. Using a NMM access tube at CSIRO 
Land and Water, the NMM probe was used to read one set of 32 second 
readings, down to 100cm depth. As with the field sampling regime, two readings 
were .taken at each depth except if they varied by more than 1.5%, then a third 
reading was taken. The average of the two or three readings was used as the 
average count for each depth. The probe was then changed to take 16 second 
counts and the process was repeated. The whole experiment, taking the 32 
second readings and the 16 second readings, was then completely repeated. 
This gave four data sets, 32 second counts the first and second time and 16 
second counts the first and second time, to compare the variation in the count 
readings. A plot of the average counts for each depth is given in Figure 0.1. 
Calculation of an R2 value found that the 16 second counts matched the 32 
second counts with 99.7% accuracy. Therefore 16 second counts were used to 
take the neutron field measurements after April 10, 2002. 
E 
0 
.c: 
+J 
a. 
Cl) 
C 
0 
u, 
0.15 0.2 
NMM counts 
0.25 0.3 0.35 
0 -+------'------'--------'-----~ 
20 
40 
60 • 32 (1) 
• 32 (2) 
80 --tr-- 16 (1) 
- - -x- - - 16 (2) 
100 
· Figure D.1 Neutron Moisture Meter data taken using a 32 second count (32 (1) and 32(2)), 
and 16 second count (16(1) and 16(2)). 
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Appendix E NMM calibration 
Calibration data for neutron moisture meter measurement from Wagga Wagga 
was combined with the data from the Holbrook field site to give the calibration 
equations used for this research. The Wagga Wagga data, Holbrook data and 
combined linear fits are given in Figure E.1. 
0.45 
0.4 
-t"') 
.€ 0.35 
M 
E 
-
-
0.3 C 
s 
C 8 0.25 
... 
s (a 0.2 ~ 
~ 0.15 
0 
.... 
- 0.1 Cl) E 
:::::J 
g 0.05 
0 
0 
o 10Wagga 
o 20Wagga 
6. > 2.0W agga 
0.1 0.2 
• 1 0Hol brook 
• 20Hobl rook 
A > 20Hol brook 
0.3 0.4 
count ratio 
0.5 0.6 
10cm combined 
y = 0.5952x + 0.0179 
R2 =0.9791 
20cm Combined 
y = 0.5909x - 0.0137 
R2 = 0.9584 
>20cm Combined 
y = 0.6085x - 0.0405 
R2 =0.9259 
0.7 0.8 
Figure E.1 Calibration data showing water content and neutron count (NMM count ratio) 
for Holbrook, and Wagga Wagga, New South Wales, for 10cm depth, 20cm depth, and 
greater than 20cm combined. 
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Appendix F Adjustment for piezometer manual measurement 
If a piezometer had a capacitance probe in it, when the probe was removed to 
take a manual measurement of the watertable height, the water level would 
initially drop and the measured level could be lower than the equilibrium 
watertable height measured by the probe. Therefore a correction adjustment 
was determined to account for the volume of water displaced by a probe 
depending on the length of the probe that was immersed in water. The manually 
measured watertable heights were adjusted using the corrections for the 
DATAFLOW and ODYSSEY probes determined below. 
The probe was placed in a measuring cylinder with a diameter of 50mm, the 
same diameter as the piezometers in the field. The cylinder was filled with water 
to a known depth, noting the height of water in the cylinder and the volume 
reading in millilitres. The probe was then removed and the height and volume of 
the water was recorded. This was done for two heights on each probe to give 
two points for a linear change. The linear regression between the height of 
water up the probe and the drop in the water height when the probe is removed 
can be then used to adjust the manual field measurements. 
Table F.1 Results on water displacement from the capacitance probe when immersed at 
d"ff t d th 1 eren ep s. 
Height with Vol with Height without Vol without change in 
probe (mm) probe (ml) probe (mm) probe (ml) water height 
Dataflow probe 42397 
80 
I 
160 66 135 14 
180 355 161 315 19 
Odyssey probe 8504 
80 162.5 71 142.5 9 
150 297.5 137 267.5 13 
250 490 229 442.5 21 
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Figure F.1 Linear relationship between the drop in height in a tube of water once a probe 
had been removed and the depth that the probe was in the water. 
The adjustment equations are 
(H prob * 0.05 + 10) H =H ------
act man 1 OOO (Dataflow Probe) F.1 
(H prob * 0.0712 + 2.9361) H =H --------~ m~ 1000 ( Odyssey Probe) F.2 
where Hact is the actual height of the watertable (m), Hman is the height 
measured with the plopper (m), and Hprob is the height of the water up the probe 
(mm). 
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Appendix G Detailed field site description 
Below is a summary of the soil profile descriptions by hillslope zone based on 
the methods given by McDonald et al. (1990). Depths are the shallowest upper 
boundary, the shallowest lower boundary and the deepest lower boundary 
below the surface. Colours are for moist soil, except for dry A2 horizon colours, · 
that can be used to define bleaching (Value > 6, Chroma < 3, McDonald et al., 
1990). Abundance of mottling, iron (Fe) and manganese (Mn) segregations are 
given as a range, while in the text and average value is given. 
BO = Bulk Density, BM = Bail Method, EC = Electrical Conductivity, ESP = Exchangeable 
Sodium Percent, Fe = Iron, Ksat = saturated hydraulic conductivity, Kunsat = Unsaturated 
Hydraulic Conductivity, (lg) = value from large core samples, Mn = Manganese, PSD = Particle 
Size· Distribution, (sml) = value from small core samples, SWS = Saturated Water Store in 
m3/m3 , TW = tube-well permeameter, Wp = permanent wilting point as a m3/m3 . 
Hillslope Zone 1 (Upperslope) 
· Horizon Depth (m) Description 
A1 0-0.05 Dark Brown (1 0YR 2/2), 0% mottle, 
to 0.12 0% Fe, 0% Mn, 
Sandy Loam, PSD (19% clay, 13% silt, 68% sand), Massive, 
Stable, 
pH 6.7-7, EC 0.039dS/m, ESP 0.8%, 
A2 0.12-0.20 Light Yellow-Brown ( 1 0YR 6/4 ), 0% mottle, 
to 0.58 0% Fe, 0% Mn, 
Sandy Loam, PSD (25% clay, 13% silt, 62% sand), Massive, BO 
1.58g/cm3 (40% porosity) (sml), Slaked, · 
Ksat 443mm/hr (sml), Kunsat 33 mm/hr (sml), 
SWS 0.30 (sml), 8t 0.19 (sml), 
pH 6.4-6.5, EC 0.025dS/m, ESP 1.36%, 
B2 0.20-0.80 Strong Brown (7 .5YR 4/6), 0% mottle, 
to 1.85 0% Fe, 0°/o Mn, 
Sandy Light to Light Medium Clay, PSD (37% clay, 12% silt, 50% 
sand), 
Weak structure, Slaked, 
Ksat 2mm/hr, 
pH 6-6.1, EC 0.020dS/m, ESP 0.6% 
C 0.80-1.50 PSD (14% clay, 5% silt, 81 % sand), pH 7-7.3, EC 0.017dS/m 
to 6.00m 
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Hillslope Zone 2 (Waning-Midslope) 
Horizon Depth (m) Description 
A1 0-0.08 Black to Dark Brown (1 0YR 2/1 to .1 0YR 2/2), 0% mottle, 
to 0.21 0% Fe, 0% to 2%, Mn nodules and soft segregations, 
Sandy Loam, PSD (24% clay, 12% silt, 64% sand), 
Massive, stable, 
pH 6.4-6.6, EC .111 dS/m, ESP 0.67°/o, 
A2 0.08-0.19 Pale Brown to Yellow-Brown (10YR 7/3 to 10YR 6/4), 0% mottle, 
to 0.53 0% to 5% Fe nodules and soft segregations, 0% to 5% Mn 
nodules and soft segregations, 
Sandy Loam to Sandy Clay Loam, PSD (23% clay, 11 % silt, 66% 
sand), 
Massive, BO under pasture1 .55g/cm3 (41 % porosity) (sml), BO 
under tree belt 1.60g/cm3 (39% porosity) (sml) , slaked & 
dispersed, 
Ksat under pasture 894mm/hr (sml), Ksat under tree belt 
864mm/hr (sml), Kunsat under pasture 32 mm/hr (sml), Kunsat 
under tree belt 14 mm/hr (sml), 
SWS under pasture 0.31 (sml), SWS under tree belt 0.28 (sml), 0t 
under pasture 0.21 (sml), 0t under tree belt 0.22 (sml), 
pH 6.5-6.8, EC 0.047dS/m, ESP 1.25%, 
B2 0.19-0.76 Yellow-Brown to Brown (10YR 6/4 to 10YR 5/3), 10% to 20% 
to 1.70 Brown to Yellow-Brown mottle (1 0YR 4/3 to 1 0YR 5/6), 
0% Fe, 0% to 10% Mn nodules and soft segregations, 
Sandy Light to Light Medium Clay, PSD (31 % clay, 10% silt, 59% 
sand), 
Weak Structure, BO 1.58g/cm3 (41 % porosity) (sml), slaked and 
dispersed, 
Ksat under pasture 0.3mm/hr, Ksat under tree belt 2.3mm/hr, 
pH 6.6-6.7, EC 0.031dS/m, ESP 1.95% to 7.1% 
2B22 0.76-2.00 Brown (7.5YR 3/4), 2% to 50% faint Yellow-Brown to Grey-Brown 
to 2.82 mottle (1 0YR 5/6 to 1 0YR 4/2), 
0% Fe, 0% to 10% Mn nodules and soft segregations, 
Sandy Light to Light Medium Clay, 
Massive, slaked & dispersed, 
pH 7.3 
2B23 2.00-3.40 Red-brown to Yellow-Brown (5YR 4/4 to 7.5YR 6/6), 20% to 50% 
to 3.60 distinct Red to Dark Grey-Brown mottle (2.5YR 4/6 to 1 0YR 4/2), 
0% to 5% Fe nodules and soft segregations, 5% to 20% Mn 
nodules and soft segregations, 
Sandy Light to Light Medium Clay, PSD (37% clay, 12% silt, 51 % 
sand), 
Massive, slaked and dispersed, 
pH 8.3-8.6, EC 0.081 dS/m, ESP 1-4% 
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Hillslope Zone 2 (Waning-Midslope) continued 
2B25 
C 
3.60-4.55 
to 5.50 
0.85-3.00 
to 6.00 
Yellow-Brown to Grey ( 1 0YR 5/4 to 5Y 7 /2), 20 to 50% 
prominent yellow, brown and olive mottle (10YR 7/8, 7.5YR 5/6, 
2.5Y 5/4 ), \0% Fe, 0% to 2°/o Mn nodules, 
Light to Medium Heavy Clay, PSD (38% clay, 12% silt, 50% 
sand), Weak Structure, slaked & dispersed, 
pH 8.7-9.0, EC 0.094dS/m, ESP 16% . 
Olive-Brown to Brown-Yellow (2.5Y 5/4 to 10YR 6/6), 
Sandy Clay Loam, PSD (26% clay, 10% silt, 64% sand), 
Grainy to Massive Structure, 
pH 8.59.3, EC 0.087dS/m · 
Hillslope Zone 3 (Midslope) 
Horizon Depth (m) Description 
A1 0-0.07 Dark Brown(1 0YR 4/2), 0% mottle, 
to 0.32 0% Fe, 0% to 2% Mn nodules & soft segregation, 
Loam to Sandy Clay Loam, PSD (30% clay, 16% silt, 54% 
sand), Massive, stable, 
pH 6.0-6.2, EC 0.351 dS/m, ESP 2.3% 
A2 0.09-0.33 Light Grey to Very Pale Brown (10YR 7/2 to 10YR 7/4), 0% to 
to 0.54 20% Yellow-Brown & Grey-Brown mottle ( 1 0YR 5/6 & 1 0YR 
5/2), 
0% to 5% Fe nodules & segregations, 0% to 10% Mn nodules & 
segregations, 
Sandy Loam to Sandy Clay Loam, PSD (29% clay, 16% silt, 
55% sand) to (53% clay, 11 % silt, 36% sand), Massive, BO 
1.62g/cm3 (lg) (39% porosity), BO 1.58g/cm3 (sml) (40% 
porosity), Slaked & Dispersed 
Ksat 829mm/hr (sml), Ksat 456mm/hr (lg), Kunsat 24mm/hr 
(sml), sws 0.35 (lg), ef 0.28 (lg), Wp 0.09 (lg), 
pH 6.7-7.0, EC 0.019dS/m, ESP 1.2% 
B2 0.33-0.73 Yellow-Brown to Grey-Brown (1 0YR 5/6 to 1 0YR 5/2), 0% to 
to 1.74 50% Yellow-Brown to Dark Grey-Brown (10YR 5/6 to 10YR 
4/2), 
0% to 25% Fe nodules & soft segregations, 0% to 25% Mn 
nodules & soft segregations 
Sandy Clay Loam to Light Medium Clay, PSD (30% clay, 12% 
silt, 58% sand), 
Weak to Massive Structure, slaked, BO 1.71_g/cm3 (36% 
porosity) (lg), 
Ksat 2mm/hr (TW), Ksat 686mm/hr (lg), SWS 0.32 (lg), ef 0.28 
(lg), Wp 0.17 (lg), 
pH 7.0-7.8, EC 0.052dS/m, ESP 0.65% 
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Hillslope Zone 3 (Midslope) continued 
2A2 1.36-1.80 Brown to Very Pale Brown (1 0YR 4/3 to 1 0YR 7/3), 13% 
to 1.85 Brown-Yellow mottle, 
10%> to 50% Fe nodules & soft segregations, 10%-20°/o Mn 
nodules & soft segregations, 
Sandy Light to Light Medium Clay, PSD (31 % clay, 14% silt, 
55% sand), Massive Structure, slaked & dispersed, 
pH 7.0-7.9, EC 0.053dS/m, ESP 0.9% 
2B22 1.80-2.80 Yellow-Brown (10YR 4/6), 10% to 50% Red, Yellow and Grey-
to 3.45 Brown mottle (5YR 3/4, 1 0YR 5/4, 1 0YR 4/2), 
0% to 5% Fe nodules & soft segregations, 2% to 10% Mn 
nodules & soft segregations, 
Sandy Light Medium Clay, PSD (30% clay, 11 % silt, 59% sand) 
Massive to Weak Structure, slaked & dispersed, 
pH 7.7-8.0, EC 0.052dS/m, ESP 2.03% 
2B23 2.80-3.45 Strong Yellow-Brown (1 0YR 4/4 ), 10% to 50% prominent Red, 
to 5.65 Brown and Yellow mottle (2.5YR 3/6, 7.5YR5/8, 5YR 4/6), 
0% to 5% Fe segregations, 2% to 5% Mn nodules & soft 
segregations, Sandy Light to Light Medium Clay, 
Massive to Weak Structure, slaked & dispersed, 
pH 6.1-8.0, EC 0.062dS/m, ESP 10.9% 
2B25 4.70-5.10 Yellow-Brown (10YR 6/4), 10% to 50% Brown-Yellow & White 
to 6.60 mottle (1 0YR 6/8 & 1 0YR 8/2), 
10% Fe soft segregations, 0% to 10% Mn nodules & soft 
segregations, Sandy Light Clay to Medium Heavy Clay, PSD (47% clay, 12% silt, 41% sand) to PSD (27% clay, 18% silt, 
55% sand). 
Massive to Moderate Structure, stable upslope but slaked and 
dispersed downslope, 
Ksat 0.03mm/hr (BM), 
pH 6.5-6.6, EC 0.043dS/m, ESP 13.2% 
C 5.10-5.95 pH 6.5-7.2, EC 0.024dS/m 
Hillslope Zone 4 (Lowerslope) 
Horizon 
A1 
Depth (m) 
0-0.06 
to 0.17 
Description 
Dark Grey-Brown (1 0YR 3/2), 0% to 2% Light Grey-Brown 
mottle (1 0YR 6/2), 
0% Fe, 2% Mn soft segregations, 
Loam to Sandy Clay Loam, PSD (34% clay, 35% silt, 31 % 
sand), Massive Structure, Stable, 
pH 5.5-6.0, EC 0.56 to 8.2dS/m, ESP 0.7%, 
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Hillslope Zone 4 (Lowerslope) continued 
A2 0.06-0.27 Light Grey to White ( 1 0YR 7 /2 to 1 0YR 8/2), 0% to 10% Brown 
to 0.48 to Dark Grey mottle (10YR 5/3 to 10YR 4/1), 
0% to 25% Fe nodules & soft segregations, 0% to 25% Mn 
nodules & soft segregations, 
Sandy Clay Loam, PSD (34% clay, 33% silt, 33% sand), 
Massive Structure, Slaked & dispersed, 
pH 6.5-7.5, EC 0.03dS/m, ESP 3.1 %, 
821 0.27-1.20 Dark Grey (1 0YR 3/1 ), 0% -50% dark brown mottle (1 0YR 5/3), 
0% Fe, 5% to 25% Mn nodules & soft segregations, 
Medium to Medium Heavy Clay, PSD (61 °/o clay, 13% silt, 26% 
sand), Moderate to Strong Structure, Slaked & Dispersed, 
pH 8.5-9, ESP 13.4% 
B22 1.20-1.80 Light Grey-Brown (1 0YR 5/3), 20% Dark Grey-Brown mottle (2.5Y 4/2), 0% to 10% Fe nodules & soft segregations, 0%-10% 
Mn nodules and soft segregations, 
Light to Medium Heavy Clay, 
Massive to Moderate Structure, 
pH 9.5 
2A2 1.80-3.15 Brown-Yellow (10YR 6/6), 10% faint Brown-Yellow mottle 
(1 0YR 6/8), 0% Fe, 0% Mn, 
Sandy Clay Loam, PSD (29% clay, 11 % silt, 60% sand), 
Grainy ·Structure, Dilatant, 
pH 9, ESP 9.7% 
2B22 3.15-3.95 Brown (1 0YR 5/3), 10% Brown-Yellow mottle (1 0YR 6/8), 
5% Fe nodules & soft segregations, 5% Mn nodules & soft 
segregations, 
Sandy Light Clay, 
Weak Structure, Dilatant 
pH 9 
2B23 3.95-5.10 Brown-Yellow (10YR 6/6), 50% Light Grey mottle (10YR 7/2),, 
5% Fe nodules, 5% Mn nodules, 
Sandy Light Medium ·c1ay, PSD (34% clay, 14% silt, 52% 
sand), 
Weak Structure, Dilatant, 
pH 9, EC 0.1 dS/m, ESP 10.0% 
2B24 5.10-5.80 Brown (7.5YR 5/4), 20% Brown mottle (10YR 5/3), 
10% Fe nodules, 2% Mn soft segregations, 
Sandy Light Clay, Massive Structure, 
pH 9 
2B25 5.80-7.15 Light Yellow-Brown (1 0YR 6/4), 50% Light Grey mottle (1 0YR 
7/1 ), 
0% Fe, 0% Mn, 
Medium Clay, PSD (67% clay, 12% silt, 21% sand) 
Strong Structure, pH 9, ESP 10.1 % 
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Appendix H Water balance model to interpolate neutron moisture meter 
measurements over 1 m soil-depth. 
The model discussed in the method chapter (Section 3.5.6.1) was used to 
interpolate the water content values between sampling dates from September 
2001 till October 2003. The water contents were converted to a soil water deficit 
(SWD) as described in Section 5.3. The model was calibrated to give the best fit 
over the whole monitoring period. Figure H.1 shows the daily rainfall, and the 
modelled and observed soil water content below field capacity for each hillslope 
zone. The predicted soil water content was either a SWD or excess water. Note 
that negative SWD values mean the soil is wetter than field capacity and 
contains excess water. The soil factors Sr and corresponding R2 values for the 
calibration of each hillslope zone are given in Table H.1. 
Figure H.1 shows that the model reasonably predicts the soil water deficit, 
supported by the R2 values which ranged from 0.694 for Hillslope Zone 2(T) 
(Waning-Midslope under tree belt), to 0.920 for Hillslope Zone 3 (Midslope) 
(Table 5.1 ). When the model was calibrated from April 2002 to October 2003 
the model fit improved, and the R2 values increased to range from 0.867 for 
Zone 2(T) to 0.957 for Zone 3. This highlights statistically, what is also visible in 
Figure H.1, that the model consistently over-estimated the SWD from October 
2001 to April 2002, for each hillslope zone. As discussed in Section 5.3.1, the 
over-estimation of the SWD in the initial period may be because it is assumed 
that the soil water drains within a day, and this may be faster than what is 
experienced in the field. 
Bearing in mind the limitations with the model, and knowing where the daily soil 
water deficits may not be accurate, these values were used to give the 
antecedent soil water contents for surface and SLF analysis discussed in 
Section 5.4. 
313 
Appendix 
Table H.1 Calibration data for each hillslope zone optimising the R2 for the whole 
sampling period (Sept 2001 to October 2003) and excluding the first 6 months of 
2 sampling (April 2002 to October 2003). The latter period enables a better R . 
Hillslope R2 optimised R2 optimised 
Zone Sept 01-Oct 03 Apr 02-Oct 03 
Soil Factor R2 Soil Factor R2 
1 2.5 0.837 4.5 0.936· 
2(P) 1 0.825 2 0.834 
2(T) 1.5 0.721 8 0.853 
3 0.5 0.869 1.5 0.913 
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Figure H.1 Modelled (mod.Wat) and observed (Obs.wat) soil water deficit for each . hillslope zone.Ex. Wat is the modelled exc_ess water, i.e. water exceeding field capacity 
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Appendix 
Hydrographs for rainfall-runoff events at the Holbrook field 
The plots show rainfall in mm/hr from the gauge near the meteorological station, 
the surface runoff from the large flume (Uhr), for both the small and large 
flumes when both were installed, and the subsurface lateral flow (Uhr). Note 
that the rainfall is plotted on the left y-axis while the lateral flow components are 
on the right. 
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Figure 1.1 Hydrograph from October 11, 2001 (Event A Table 5.6). 
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